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Support for Global Health 


AS MORE NATIONS STRUGGLE WITH STRESSED ECONOMIES, AID TO THE DEVELOPING WORLD BECOMES 
increasingly vulnerable to governments’ budgetary cuts. The industrialized world is recogniz- 
ing that coordinating global development assistance is the most efficient way to maximize 
effectiveness and minimize duplication. Earlier this year, the United States, the largest funder 
of global health assistance, announced that it seeks to expand multilateral efforts to address the 
major health problems of developing countries. One of the triumphs of multilateral coopera- 
tion has been the Global Fund to Fight AIDS, Tuberculosis and Malaria, a program that has 
saved millions of lives in developing countries. That is why the $50 million reduction in fund- 
ing for the Global Fund requested by the U.S. government for fiscal year 2011, in the face of 
increased requests for expanded coverage by those countries, would be a major setback. 

The Global Fund was created in 2002 as an innovative multilateral agency to mobilize aid 
at a global scale. As both a funding and a knowledge agency, it operates 
under the principle of country ownership, in which a country’s coor- 
dinating mechanism (with representatives from government, nonprofit 
organizations, the private sector, and civil society) takes ownership of 
the project, formulating and implementing programs on the ground. A 
portion of the Global Fund is also allocated to strengthening a country’s 
burdened health system more generally, thus minimizing the diversion 
of limited resources from other needed programs. Thus far, it has sup- 
ported comprehensive prevention, treatment, and care programs in 
144 countries through more than $19 billion of donor financing. Annu- 
ally, it provides about 57% of all international financing for tubercu- 
losis treatment, 60% for malaria, and 23% for HIV. Before funding is 
renewed, each project is rigorously reviewed and evaluated. 

Approximately 5 million people would have died of AIDS, tuber- 
culosis, or malaria over the past 5 years if not for the interventions 
supported by the Global Fund. It has enabled 2.5 million people to receive antiretroviral drug 
therapy for HIV. In addition, 6 million people have been provided with effective tuberculosis 
treatment, and 104 million insecticide-treated bed nets have been distributed to protect families 
from malaria. Funding has also gone toward care for orphans; preventing transmission of HIV 
from mother to child; and malaria treatment, with a major thrust to use artemisinin-based com- 
bination therapy to prevent resistance to what is currently the most useful drug for malaria. 

For every $1 the U.S. government contributes, the Global Fund leverages $2 in contribu- 
tions from other donor governments. Decreasing support for this fund would thus be incon- 
sistent with the proclaimed new multilateral objectives of the Obama Administration. The 
US. International Affairs budget, requested for 2011 at $58.5 billion, represents only 1.5% 

of the federal budget, with health constituting $10.43 billion of that amount. 


0 nN | l n Q Yet last month, the Senate Budget Committee announced a cut of $4 billion, 


or 7%. Given the success of the President’s Emergency Program for AIDS 


sciencemag.org Relief (PEPFAR) and Global Fund programs, cuts in the health component 


Listen to the could have a tragic impact on millions of lives. Bilateral assistance such as 


; author online. © PEPFAR, now in 30 countries, has value to the United States in both politi- 


cal and humanitarian terms. But the United States cannot itself be doctor to 
the world. Increased multilateral support through the Global Fund would greatly expand the 
U.S. contribution, ensure efficiency, and enable shared responsibility with other donors. 

By announcing its intent to expand multilateral efforts, the United States has commit- 
ted itself to maintain leadership in international development, which the White House states 
to be as critical to national security as defense and diplomacy. This commitment should 
include vigorous funding for global health, including the Global Fund. In a turbulent world 
with huge disparities of wealth, health, and education, all nations must support partnerships 
that effectively direct the limited resources available toward helping the world’s poorest live 
a better life. — Barry R. Bloom 

10.1126/science.1189538 
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FUSION 


Herschel’s first 
results 


ITER Cost Estimates Leave Europe 
Struggling to Find Ways to Pay 


For the past 2 years, officials involved in 
the ITER fusion reactor project—poised to 
begin construction in France—have mut- 
tered darkly about huge increases in its esti- 
mated cost. Now, finally, we have some hard 
figures: Last week, the European Commis- 
sion, the executive of the European Union, 
released a memo announcing that Europe’s 
contribution to building ITER (45% of the 
total) would amount to €7.2 billion, 2.7 
times the original estimate. Crucially, E.U. 
fusion funding up to the end of 2013 is short 
by €1.4 billion. 

Senior fusion research- 
ers in Europe who spoke 
with Science were aston- 
ished that the commission 


seven partners in the project—China, the E.U., 
India, Japan, South Korea, Russia, and the 
United States—signed the project into exis- 
tence in 2006, they based their cost estimates 
on the design that had been adopted in 2001. 
Soon after the new ITER staff began work at 
the chosen site of Cadarache, it became clear 
that those estimates were far too low. 

Under ITER’s unusual funding arrange- 
ment, each partner must manufacture and 
deliver a share of the reactor components to 
the site. How much it spends making them 


Waiting to start? June's ITER council is expected to appoint Osamu Motojima director general and give a 


final green light for construction at Cadarache (above). 


proposed no solution to the problem apart 
from asking E.U. member states for more 
money. With Europe’s wider economy in 
turmoil, this funding crisis must be resolved 
before the mid-June ITER council meeting 
when the other partners expect to give the 
project’s design, cost, and schedule final 
approval. (The June meeting is also expected 
to approve the appointment of a new direc- 
tor general for ITER, reported to be Osamu 
Motojima of the National Institute for Fusion 
Science in Toki City, Japan.) 

ITER aims to show that fusing hydrogen 
nuclei inside a huge and complex reactor 
called a tokamak can produce enough excess 
energy to be a viable energy source. When the 


is its own concern. Each partner apart from 
the E.U. is responsible for 9% of the reactor’s 
“value”; the E.U., as host, supplies 45%. All 
of the partners got a nasty shock when they 
looked in detail at what they had agreed to 
make. The United States, for example, which 
had estimated its share would be $1 billion, is 
now expecting a bill for up to $2.2 billion. 
For the E.U., with its proportionately 
larger share, the inflated cost is causing seri- 
ous problems. In documents accompanying 
last week’s memo, the commission blames 
the increases on a number of factors, includ- 
ing updates to the reactor design, the cost 
of setting up the organization to manage its 
procurement, the added complexity of hav- 


Sweden enters 
the genomics era 


ing seven partners (there were only three in 
2001), and extra resources for quality con- 
trol. When the scale of the increases became 
apparent, the E.U. pushed for the construc- 
tion schedule to be stretched out and called 
for inquiries into cost estimation and man- 
agement structures (Science, 27 June 2008, 
p. 1707). Europe’s stance has frustrated the 
other ITER partners. “Even if the budgetary 
situation is severe, it’s important that every 
country properly fulfill its obligations under 
this international agreement,” says Yoshiyuki 
Chihara, director of the International Nuclear 
and Fusion Energy Affairs Division at Japan’s 
Ministry of Education. 

Last week’s memo spelled out the bud- 
get tangle the commission has got itself 
into. The E.U. multiyear budget that sup- 
ports ITER runs until the end of 2013. For 
the years 2012 and 2013, there is only about 
€700 million in the pot, but according to 
the memo the commission needs €2.1 bil- 
lion during that time for procurements early 
in ITER construction. Commission officials 
looked into two possible ways of filling that 
gap. The first was a loan from the European 
Investment Bank, an E.U. institution that 
lends to development projects within Europe 
and, increasingly, large-scale R&D efforts. 
But the memo dismisses this option because 
it says there is no identifiable income stream 
to repay the loan—a view that one fusion 
researcher called “totally silly.” The second 
option is to transfer funds from other budget 
areas, but this too is rejected. “The budget is 
very tight; ... there is now hardly any space 
for additional shifting of money between 
budget lines,” says Herbert Reul, a member 
of the European Parliament and chair of its 
industry, research, and energy committee. 

In summary, the commission says “a sus- 
tainable solution will require a clear financial 
commitment for the life of the project and a 
commitment to finance any overruns outside 
that framework, by member states.” Research- 
ers who spoke with Science say the commis- 
sion got itself into this mess and now wants 
the E.U. member states to bail it out. “Europe 
is hugely obligated. It went out on a limb to 
lead the project. ... Having taken it on, it has 
to find a way,” says one who asked not to be 
identified. Says another: “If the E.U. doesn’t 
do everything to regain the confidence of the 
other partners, it is lost.” —DANIEL CLERY 
With additional reporting by Dennis Normile. 
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AIDS RESEARCH 


The laser at 50: 
New frontiers 


Bioethicists Assail a Celebrated TB/HIV Treatment Trial 


A heralded clinical study in South Africa 
that assessed the best treatment strategy for 
people infected with HIV who are receiv- 
ing drugs for tuberculosis should never 
have been done, argue two bioethicists in an 
online posting published 5 May by the Hast- 
ings Center, a bioethics research institute 
based in Garrison, New York. 

The study, Starting Antiretroviral Ther- 
apy at Three Points in Tuberculosis (SAPIT), 
began in June 2005 and was stopped in Sep- 
tember 2008 after an interim analysis found 
that people who delayed starting anti-HIV 
drugs until they completed a 6-to-8-month 
course of anti-TB medication had twice the 
risk of death. The prominent research group 
that ran the 642-person study immediately 
reported the findings, which led the World 
Health Organization (WHO) to strengthen 
its guidelines; a full report appeared in the 
25 February 2010 issue of The New England 
Journal of Medicine (NEJM). 

Bioethicists Sean Philpott and Udo 
Schiiklenk branded the study “deeply flawed,” 
arguing that it violated the Declaration of 
Helsinki as it “caused foreseeable harms and 
preventable deaths for a substantial number 


of impoverished and poorly educated South 
African trial participants.” They further lam- 
basted the South African ethics committee 
that approved SAPIT, contending that its fail- 
ure “to recognize the clinical, ethical, and legal 
deficiencies in this study is shameful.” They 
also noted that U.S. co-authors shared “the 
academic glory” but did not submit the study 
protocol to their institutions for ethical review. 
Philpott is based at Union Graduate College 
in Schenectady, New York, and Schtiklenk, 
who works at Queen’s University in Kingston, 
Canada, is co-editor of Bioethics. 

The head of SAPIT, Salim Abdool Karim 
of the University of KwaZulu-Natal in Dur- 
ban, says he is stunned by the criticisms. 
“When I looked at it, my head fell down,” says 
Karim, an epidemiologist who also directs the 
Centre for the AIDS Program of Research in 
South Africa, which ran the study. At the tri- 
al’s start, says Karim, many clinicians worried 
about the dangers of simultaneously treating 
HIV and TB for three main reasons: TB anti- 
biotics can weaken the effectiveness of anti- 
retroviral drugs; ARVs can be toxic, lead- 
ing people to stop taking all medicines; and 
mixing the two treatments increases the risk 


jo 


Rewriting history? Salim Abdool Karim says the criticism of the SAPIT study he led discounts the widespread 
& confusion that existed 5 years ago about when to start HIV treatment in patients receiving TB drugs. 
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of a life-threatening disease called immune 
reconstitution syndrome. “The only reason 
we got involved in the study is because it was 
so obvious to us that we had no idea what we 
were doing with these patients,” says Karim, 
whose country has more HIV/TB coinfected 
people than any in the world. “When you put 
them on ARVs, they died. When you didn’t, 
they died. We were at sea.” 

Karim notes that the 2003 WHO guide- 
lines, Scaling Up Antiretroviral Therapy 
in Resource-Limited Settings, explicitly 
acknowledges the confusion. “The optimal 
time to initiate ART in patients with TB is 
not known,” the guidelines state. In particu- 
lar, complications from treating TB and HIV 
simultaneously are most acute during the 
intensive initial phase of TB drugs, which 
lasts 2 to 3 months. Thus the guidelines sug- 
gest that “deferring the start of ART may be 
reasonable in a variety of clinical scenarios.” 
They advise, however, that patients with 
advanced disease—defined as fewer than 
200 CD4 white blood cells per milliliter of 
blood—‘“be started 2 weeks to 2 months after 
the start of TB therapy.” 

The critics’ main complaint concerns 
these severely ill people. In the SAPIT study, 
213 people with an average CD4 count of 
140 were randomized to delay ARV treatment 
until completing TB therapy, and 429 others 
with an average of 150 CD4s started ARVs 
either within 4 weeks of TB treatment or 
within 4 weeks of ending the initial intensive 
phase. The delayed arm had 27 deaths versus 
25 in the much larger “integrated” treatment 
group. All but eight deaths occurred in peo- 
ple with fewer than 200 CD4s, and given that 
some people died who received ARVs early, 
the critics calculate that at least 10 “prevent- 
able” deaths occurred in the delayed arm. “It 
is true that the question of when to initiate 
ARV in TB patients was an open question,” 
says Schiiklenk. “To move from there to the 
proposition that it was acceptable to delay 
ARVs in patients even with very low CD4 
counts by up to 9 months is false.” 

Karim points out that one of the most sur- 
prising findings of the study is that there was 
no significant mortality difference between 
the integrated and delayed arms until well 
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after people stopped TB treatment. This, 
he says, underscores why so much confu- 
sion existed before the SAPIT results. “The 
deaths are really occurring past 10 months,” 
he says, noting that TB doctors typically 
have stopped seeing the patients by then and 
thus would never know whether early use of 
ARVs was critical. 

Karim further notes that the SAPIT study 
design, in keeping with WHO guidelines, 
allowed “highly trained physicians” to start 
ARVs based on their judgment about an indi- 
vidual’s needs. But Philpott and Schiiklenk 
don’t believe that occurred. “We really don’t 
think those individuals ran- 
domized to the delayed arm 
were receiving the individual- 
ized care,” says Philpott. 

Opinions of clinicians and 
public health officials who 
were not involved with the 
study vary widely. “I think 
most medical observers famil- 
iar with current HIV/AIDS 
research practice in Africa, with the rapid 
evolution of WHO guidelines, and with pro- 
grammatic work on HIV/AIDS in low- and 
middle-income countries, would consider 
these criticisms unjustified,” says Kevin De 
Cock, the former director of WHO’s HIV/ 
AIDS program and now head of the Center 
for Global Health at the U.S. Centers for Dis- 
ease Control and Prevention. “The Hastings 
piece is written very much from the perspec- 
tive of what we know now, not how we viewed 
practice in 2003—4 when discussions about 
how to handle HIV-associated tuberculosis 
led to studies such as this.” 

Some South African clinicians who treat 
coinfected HIV/TB patients agree with the 
critics. “I would never have allowed one of 
my patients or a family member to enter 
this study—it was just too dangerous,” 
says Francois Venter of the University of 
the Witwatersrand in Johannesburg. Venter 
stresses that coinfected patients with fewer 
than 200 CD4s can get sick and die in a day 
or two. Gary Maartens, a clinical pharma- 
cologist at the University of Cape Town, 
adds that had the study limited enrollment 
to people with between 200 and 500 CD4 
cells, it still would have answered an impor- 
tant question about timing of ARVs. “We 
did not need a clinical trial to tell us that 
deferring lifesaving therapy for 8 months 
in patients with advanced disease results in 
higher mortality,’ says Maartens. 

Still other HIV/TB specialists say the issue 
of including people with CD4 levels under 
200 is more complex. “It’s all too easy to say 
this shouldn’t have been done,” says William 


www.sciencemag.org SCIENCE VOL 328 


Burman, who directs the HIV clinic at Den- 
ver Public Health in Colorado and specializes 
in designing HIV/TB clinical trials. Although 
Burman says he “had concerns” about the 
SAPIT study’s design and that the results 
from people with the lower CD4 counts 
did not surprise him, he finds the Hastings 
critique “overly negative.” Despite WHO 
guidelines, many TB clinicians in poor, 
high-burden countries had little experience 
with ARVs when the study began and were 
reluctant to treat patients with them. “SAPIT 
has clarified that matter and will surely save 
many, many thousands of lives,” he says. 


“The SAPIT study caused foreseeable harms 
and preventable deaths for a substantial 
number of impoverished and poorly educated 
South African trial participants.” 


—SEAN PHILPOTT AND UDO SCHUKLENK, 
BIOETHICS FORUM, HASTINGS CENTER WEB SITE 


As for the criticism of the ethical review 
process, two U.S.-based co-authors of the 
NEJM paper, Gerald Friedland of Yale Uni- 
versity and Waafa El-Sadr of Columbia Uni- 
versity, say they contributed only to the writ- 
ing of the report. Neither helped design the 
protocol, saw patients, or provided financial 
assistance. The U.S. Department of Health 
and Human Services Office for Human 
Research Protections does not require insti- 
tutions to conduct reviews of protocols for 
co-authors under these conditions. Philpott 
counters that in the paper, Karim also notes 
that he has an affiliation with Columbia. 
Karim says his part-time, adjunct appoint- 
ment mainly involves teaching and super- 
vision of postgraduate students. 

Friedland and El-Sadr, both highly 
respected HIV/AIDS researchers, strongly 
object to the SAPIT criticism. “I’m flab- 
bergasted,” says El-Sadr. “This will be cited 
as one of the landmark studies in HIV/TB.” 
Friedland adds that the South African ethical 
review was done by people with proper cre- 
dentials, and he says WHO’s 2003 guidelines 
were based just on observational data, a much 
lower standard of proof than a randomized, 
controlled clinical trial. “Now the guidelines 
can be very clear and firm,” he says. 

The debate likely will continue over the 
next few months. In July, Bioethics plans to 
run an extended version of the critique that 
appeared on the Hastings Center Web site. 
Many researchers also expect that NEJM will 
run letters to the editor and a reply in the next 
few weeks. 

-JON COHEN 
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NEWS OF THE WEEK 


ScienceNOW 


From Science's 
Online Daily News Site 


How Jupiter Got Its Stripes 

Jupiter and other gaseous planets are covered 
from pole to pole with stripes. But astrono- 
mers aren't exactly sure how they got there. 
Now a team of physicists reports that Jupiter's 
stripes may be produced in part by tides, 

a result of the gravitational tugging of its 
60-odd moons. To back up that idea, they've 
performed an experiment to show that tides 
can produce just such stripes, at least in a very 
simple mockup of a gaseous planet. 
http://bit.ly/jupiter-stripes 


Bonding With Offspring Grows New 
Neurons in the Mouse Brain 

For a father to truly bond with his children, he 
needs to grow some new gray matter. At least 
that seems to be the case in mice. A new study 
shows that when a mouse father nuzzles his 
pups, he develops new neurons that help him 
remember—and protect—those offspring 
later in life. The results suggest that in mice, 
and perhaps in humans, young babies and 
dads bond biologically in ways that can last a 
lifetime. http://bit.ly/mouse-bonding 


X-ray Vision, Without the Radiation 
X-ray-like imaging without the harmful radia- 
tion and cell phones with more bandwidth 

are closer to reality now that researchers have 
developed a novel type of lens that works 
with terahertz frequencies. The new lens is 

a metamaterial, an artificial material with a 
structure made from many tiny parts, and it 
could drastically expand what lenses can do. 
http://bit.ly/terahertz 


Kon-Tiki, 

Bacteria Style 

New research 

reveals that, just 

like a rat cling- 

ing to a piece of 

floating wood 

after a flood, pathogenic microorganisms can 
set up shop aboard drifting bits of fish feces 
and other debris and ride them to far-flung 
destinations. Understanding more about the 
process should help public health officials 
develop better strategies to fight waterborne 
diseases and seafood contamination. 
http://bit.ly/kon-tiki 


Read the full postings, comments, and more 
at news.sciencemag.org/sciencenow. 
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ASTROPHYSICS 


Herschel's First Images Spark 
Star-Formation Debate 


When the Herschel telescope was launched 
into space last May, it promised new insights 
into our universe, detecting far-infrared and 
submillimeter wavelengths of radiation that 
have eluded previous missions (Science, 
1 May 2009, p. 584). A year later, the Euro- 
pean Space Agency instrument has passed 
its commissioning phase and is starting to 
deliver on that promise, scientists reported 
at the Herschel First Results Symposium in 
the Netherlands last week. “Some instru- 
ments are working even better than antici- 
pated from the ground tests,” says astro- 
physicist Annie Zavagno of the Laboratoire 
d’ Astrophysique de Marseille, France. 
Herschel is the largest infrared telescope 
ever to be put into space, with a 3.5-meter 
mirror that’s four times larger than any 
space-based predecessor. There are larger 
infrared telescopes in ground-based obser- 
vatories, but Earth’s atmosphere absorbs 
many infrared wavelengths that are vital for 
studying the births of stars. “The earliest 
stages of star formation are hidden from our 
view but can be revealed in the far-infrared 


CANCER 


and millimeter domain. This is why Her- 
schel is so important for us and will open 
a new window on our understanding of star 
formation,” says Zavagno. 

One of the results reported last week is 
already provoking debate. Astronomers had 
thought that galaxies have been forming 
stars at about the same rate for the past 3 bil- 
lion years. However, Herschel observations 
of nearby galaxies suggest this isn’t the case. 
The telescope detected strong emissions of 
infrared radiation in those galaxies, which 
indicates furious star formation, says Steve 
Eales of Cardiff University in the United 
Kingdom, a joint principal investigator on 
the Herschel ATLAS project. Eales and his 
colleagues conclude that in the past many 
galaxies were forming stars at 10 to 15 times 
the rate that we see in our galaxy today. 

However, cosmologist Carlton Baugh 
of Durham University in the U.K. calls this 
interpretation “controversial.” Baugh and 
his colleagues, including Cedric Lacey, 
also at Durham University, have been using 
computer simulations of how galaxies form 


Panel Finds Environmental Risks Neglected 


A flap has erupted among health experts over 
a report last week from a presidential advi- 
sory group that concludes environmental 
pollutants are an underappreciated cause of 
cancer that is inflicting “grievous harm” on 
Americans. The report, from the President’s 
Cancer Panel, has drawn fire both from an 
industry-leaning group and from the main- 
stream American Cancer Society (ACS) for 
distorting environmental cancer risks. 

One of the report’s authors, Margaret 
Kripke, an immunologist and professor 
emeritus at MD Anderson Cancer Center 
in Houston, Texas, acknowledges that the 
text is “deliberately thought-provoking” 
but defends its scientific rigor. “Part of the 
issue here is to stimulate a call to action, 
and you don’t get that by having a bland” 
report, Kripke says. She is one of the two 
members of the authoring panel; the other 
is LaSalle Leffall, a surgeon at Howard 
University. A third member, cancer activist 
Lance Armstrong, who did not contribute 


Thought provoking. Co-author Margaret Kripke did 
not want a report on cancer risks to be bland. 


to the report, left the panel in 2008 and was 
not replaced. 

The 240-page report, called Reducing 
Environmental Cancer Risk: What We Can 
Do Now, states that “the true burden of envi- 
ronmentally induced cancer has been grossly 
underestimated” and that Americans “are 
bombarded continually with myriad com- 
binations” of carcinogenic pollutants. It 
reviews exposures from a range of sources, 


to make detailed predictions about what 
Herschel should find. In a paper published 
online in March in the Monthly Notices of 
the Royal Astronomical Society, they argued 
that determining star-formation rates from 
Herschel observations would be compli- 
cated because the telescope can only detect 
infrared radiation powered by massive stars. 
To get an overall star-formation rate, scien- 
tists must estimate the number of low-mass 
stars by extrapolating from a relationship 
that describes the distribution of mass within 
a newly formed group of stars. 

This relationship is typically assumed to 
be universal for all stellar regions, but Baugh 
and his colleagues argue that the merger of 
two galaxies can trigger star formation in 
which a different mix of stellar masses is 
produced, with a higher-than-usual propor- 
tion of high-mass stars. “Star formation like 
this can produce more emissions at the long 
wavelengths probed by Herschel for a mod- 
est amount of star formation,” says Baugh. 

Astronomers may be at odds over the 
explanation of Herschel’s observations of 
strong infrared emissions from nearby gal- 
axies, but they are in agreement on a sec- 
ond observation: They can’t explain it at all. 
Herschel spied an “impossible” star in the 
early stages of formation. It has a mass eight 
to 10 times that of our sun; such a massive 


including hot-button ones such as the plastics 
ingredient bisphenol-A, medical x-rays, and 
even cell phones. Among other recommen- 
dations, it urges people to use headsets with 
cell phones and recommends that Congress 
and the president adopt the “precautionary 
approach,” which would require manufac- 
turers to demonstrate the safety of chemicals 
before distributing them on the market. 

The American Council on Science and 
Health, a nonprofit organization with indus- 
try support, wrote that “the report practically 
plagiarizes the work of anti-chemical activist 
groups” including the Environmental Work- 
ing Group (EWG), an environmental advo- 
cacy organization in Washington, D.C. EWG’s 
Richard Wiles was one of 45 witnesses— 
including many government and academic 
scientists—who spoke before the presidential 
panel in 2008 and early 2009. 

Among those who object to the report’s 
conclusions is ACS’s emeritus chief epide- 
miologist, Michael Thun. In a response last 
week, Thun wrote that ACS had issued a 
report on environmental risks last year that 
raised similar concerns about untested chem- 
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star will emit intense ultra- 
violet radiation that should 
blast away the cloud of gas 
that is feeding its growth. 
Yet the star spotted by Her- 
schel, found within the star- 
forming cloud RCW 120 in 
our galaxy, is still surrounded 
by an envelope of gas and is 
therefore expected to get even 
bigger. Astronomers have seen much more 
massive “impossible” stars before—the star 
Eta Carinae is thought to be more than 100 
times as massive as the sun—but this is the 
first time that one has been observed at such 
an early stage of its formation. 

Aside from studying the birth of stars, 
astronomers also hope to use Herschel to 
analyze the chemical composition of com- 
ets and planetary bodies and to examine the 
molecular chemistry of the universe. The 


icals, the risks to children, and hazards of 
medical imaging. But Thun finds last week’s 
report “unbalanced” because of its “‘dis- 
missal” of cancer prevention focused on 
lifestyle factors such as smoking and obe- 
sity that make a much larger contribution 
to cancer incidence. Thun also disputed the 
report’s claim that estimates of pollution- 
induced cancer are “woefully out of date,” 
asserting that this statement “reflects one 
side of a scientific debate.” 

That debate centers on the low estimates 
in 1981 from University of Oxford epide- 
miologists Richard Doll and Richard Peto, 
who found that occupational exposures 
and pollution cause about 6% of cancers. 
Boston University epidemiologist Richard 
Clapp, who testified before the presidential 
panel, acknowledges that he and a few other 
academics have contested the Doll-Peto fig- 
ures and have been at odds with ACS on the 
issue for years. 

Peto, for his part, says the report’s crit- 
icisms of his and Doll’s methodology are 
familiar and “factually untrue.” He says, 
“T don’t think there’s any good reason to 
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Seeing is believing. Herschel (left) has spotted an “impossible” mas- 
sive star, shown in the above image as a white ball near the edge of the 
blue bubble of gas that depicts the star-forming region RCW 120. 


mission team is reporting some success with 
the latter, as Herschel’s HIFI spectrometer 
has detected ionized water vapor, the first 
time that this ion has been detected outside 
the solar system. 

A special issue of Astronomy & Astro- 
physics dedicated to Herschel’s first results 
is due out this summer, but scientists predict 
that the instrument will fill numerous pages 
of journals for many more years to come. 

—-SARAH REED 


revise our estimates upward.” 

The President’s Cancer Panel, created 
by the 1971 Cancer Act, is independent, 
although staffed by a small office at the 
National Cancer Institute. A science writer 
compiles testimony and the panelists’ own 
input and writes the report, says the panel’s 
special assistant, Jennifer Burt. The report 
does not go through peer review, but staff 
fact-check the information, she said. She 
defends the report as “very measured.” 

Kripke says she’s “disappointed” by 
ACS’s criticisms. She says they’re ignor- 
ing previous reports from the same panel 
emphasizing the importance of lifestyle 
factors. As for the Doll and Peto estimates, 
she says the view that they need updating 
is “an opinion.” 

Activists are hoping the report will spur 
efforts in Congress to make U.S. chemi- 
cal safety regulations more consistent with 
the precautionary principle. But it’s not 
clear whether the proposal will gain much 
momentum. Its immediate destiny is to join 
a shelf full of previous annual reports from 
this panel. -JOCELYN KAISER 
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Methane-trapping ice, which has frus- 
trated the first attempt to contain oil gush- 
ing off the shore of Louisiana, may have 
been a root cause of the blowout in the 
first place. So says University of California, 
Berkeley, professor Robert Bea, who has 
extensive access to company documents on 
the incident. There were signs that drillers 
did encounter hydrates: About a month 
before the blowout, a “kick” of gas pressure 
hit the well hard enough that the platform 
was shut down. http://bit.ly/cHFwsa 


Biomedical science will lose a longtime 
champion with the retirement this year 

of Representative David Obey (D-WI), the 
chair of the House Appropriations Commit- 
tee. Obey, 71, announced that he will not 
run for reelection this fall after serving 21 
terms in Congress. http://bit.ly/ccUrg] 


National Science Foundation Director 
Arden Bement offered a sober assess- 
ment of likely congressional action on the 
2011 budget after members of the National 
Science Board suggested that prospects 


looked rosy. “You should not be surprised 
if we don’t get the president's request,” 
Bement said about the $552 million (8%) 
increase for NSF that President Barack 


Obama proposed in February as part of his 
overall $3.6 trillion budget. Bement also 
said “| won't be surprised to see us operat- 
ing under a continuing resolution” until 
well after the November congressional elec- 
tions, with funding frozen at current levels. 
http://bit.ly/9)BeDOq 


The most ambitious U.S. effort to assess 
environmental change on a continental 
scale has won final approval from the over- 
sight body of the National Science Founda- 
tion. More than a decade in the making, 
the $434 million National Ecological 
Observatory Network (NEON) will establish 
20 permanent monitoring stations to col- 
lect climate, environmental, and biological 
data on an ongoing basis. NEON will also 
include 40 temporary terrestrial sites and 
46 aquatic sites. http://bit.ly/92s93d 


For the full postings and more, go to 
news.sciencemag.org/scienceinsider. 
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SCIENTIFIC FACILITIES 


Sweden Bets on New Lab to Spruce 
Up Its Bioscience Future 


The tree bears the name of a neighbor— 
Norway spruce (Picea abies)—but this 
conifer is central to Sweden’s fiscal health. 
It feeds the nation’s vigorous timber indus- 
tries and by some estimates is economically 
the country’s most important species. So it 
wasn’t surprising when the Sweden-based 
Knut and Alice Wallenberg Foundation 
last year announced it would provide about 
$10 million for the sequencing of the Norway 
spruce’s genome. But what is unexpected— 
or at least it would have been a year ago—is 
that this sequencing will largely happen in 
Sweden rather than being farmed out to other 
countries. Next week, officials in Stockholm 
will inaugurate a new building with cutting- 
edge DNA sequencing machines that by 2013 
should produce a rough draft of the genome 
of the “Christmas” tree. 

For Sweden, this building represents far 
more than a single research project. It’s the 
most visible evidence to date of the Sci- 
ence for Life Laboratory (SciLifeLab), an 
unusual initiative spanning multiple Swed- 
ish research organizations and two sites, 
one in Stockholm and the other in nearby 
Uppsala. Rather than spread its money to 
as many scientists as possible, as it has tra- 
ditionally done, the Swedish government 
will spend more than $75 million setting up 
SciLifeLab with the hope that it will become 
a technology-driven national life sciences 
center, comparable to organizations such as 
the Broad Institute in Cambridge, Massa- 
chusetts. “We want to make sure [the latest] 
technologies are available to all of Sweden. 
It’s a deliberate decision to do things dif- 
ferently,” says geneticist Kerstin Lindblad- 
Toh, who is the director of SciLifeLab’s 
Uppsala effort and has a position with the 
Broad Institute. 

The dream of creating a national research 
center in biology has been discussed for 
years by officials at the Karolinska Insti- 
tute, Stockholm University, and the Royal 
Institute of Technology (KTH), all in Stock- 
holm. But it only became a reality when 
the Swedish government recently offered 
major strategic research grants for several 
life sciences fields. The three institutions 
banded together last year to win the lion’s 
share of the “molecular biosciences” money 
and then joined with Uppsala University, 
another grant winner, to form SciLifeLab. 

By 2011, the building in Stockholm 
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should house more than 200 researchers. 
Aside from sequencing the Norway spruce, 
SciLifeLab intends to help Sweden take 
advantage of its formidable population 
databases and biobanks, such as the recently 
launched LifeGene project, which aims to 
gather tissue samples and track the medi- 
cal histories of more than 500,000 Swedes. 
SciLifeLab “is what we really need to be 
competitive with other places and to analyze 
our own data,” Lindblad-Toh says. 

In a leap, Sweden will create one of 
Europe’s biggest genome centers. There 
are much larger centers around the world— 


Center of attention. With a new facility in Stockholm (artist's illustra- 
tion) that will sequence the Norway spruce genome, Sweden’s Science 
for Life Laboratory aims to become a national life sciences center. 


SciLifeLab’s DNA sequencing output will 
be only about 40% of that of the Wellcome 
Trust Sanger Institute in Hinxton, U.K., for 
example. But Sweden is counting on an 
unprecedented marriage of genomics with 
proteomics to set it apart. Uppsala Univer- 
sity and the Royal Institute of Technology 
are already home to a project, the Human 
Protein Atlas, that by 2014 intends to create 
antibodies to nearly every human protein. 
SciLifeLab “will be the only lab with anti- 
bodies to all human proteins and the ability 
to sequence human genomes. It’s a unique 
niche,” says KTH’s Joakim Lundeberg. 

Scientists say they will use antibodies 
from the Human Protein Atlas to examine 
subcellular locations of human proteins, for 
example. And there are plans to analyze the 
Baltic Sea ecosystem, notes KTH’s Mathias 
Uhlén, who heads the Human Protein Atlas 
and Stockholm’s SciLifeLab. Lindblad-Toh 
says the Uppsala side will add its strengths 
in comparative genetics and evolutionary 
biology to the mix. 
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For now, the Norway spruce is cen- 
ter stage. No conifer has had its genome 
sequenced yet, in part because they typically 
are full of repetitive DNA sequences; Nor- 
way spruce and the human genome likely 
have comparable gene numbers, but the for- 
mer is seven to 10 times bigger. “It’s one 
of the largest, most complicated genomes 
to be sequenced,” says Par Ingvarsson of 
Umea University, who leads the spruce proj- 
ect. “We want to identify genes that control 
wood properties.” 

SciLifeLab’s partnership with Umea on 
the spruce genome is a first step toward con- 
vincing Swedish scientists outside Uppsala 
and Stockholm that the project is for them as 
well. “Most universities in Sweden are wait- 
ing to see if we can deliver useful infrastruc- 
ture for them. It’s up to us to prove we can,” 
acknowledges Uhlén. 


SciLifeLab may also help the scientific 
communities in Uppsala and Stockholm, 
traditional rivals, come together. The two 
SciLifeLab sites intend to submit many joint 
grant applications, and a single person may 
ultimately direct the overall effort. “For the 
first year, we will work as two separate orga- 
nizations. We’re working on getting closer,” 
says Fredrik Sterky, site director for Sci- 
LifeLab in Stockholm. “It’s a lot more pow- 
erful if we can grow as one institute with 
two campuses,” Lindblad-Toh says. 

SciLifeLab represents a change from 
the past “dark decade,” when Scandina- 
vian countries failed to use their wealth to 
fund strategic research efforts, notes Fin- 
land native Aarno Palotie, head of medical 
sequencing at the Wellcome Trust Sanger 
Institute. “Sweden woke up sooner than 
Finland or Norway.” Still, he concludes, 
SciLifeLab remains a gamble. The key 
question, asks Palotie: “Is the sum bigger 
than the components?” 

—-JOHN TRAVIS 
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Taking Lase 
To the. Extre 


Europe wants to leap to 
200-petawatt laser that 


Create 
rip open the vacuum ch 


THE FIRST HALF-CENTURY OF THE LASER’S 
history has seen a constant push for higher 
power. Today, the Vulcan laser at the Ruther- 
ford Appleton Laboratory (RAL) near Did- 
cot, U.K., fires pulses that have 10,000 times 
the power of all of Britain’s electricity- 
generating stations added together. One 
of the world’s most powerful lasers, Vulcan 
doesn’t black out the entire country because 
its pulses are very short, less than a picosec- 
ond (10°? seconds) in duration, so the energy 
of each pulse is a moderate 0.5 kilojoules. 

Vulcan is a large machine, but over the 
next few years a group of European countries 
wants to take lasers into the realm of inter- 
national big science with a facility built 
around a device that can produce 200-petawatt 
(2 x 10'’ watts) pulses, 200 times the power 
of today’s best lasers. The Extreme Light 
Infrastructure (ELI) isn’t yet a done deal, but 
there is considerable political and scientific 
momentum behind it. That’s in part because 
the three countries leading the project are the 
Czech Republic, Hungary, and Romania— 
all recently joined members of the European 
Union. “There is political pressure from the 
new States and the E.U. to build [research 
facilities] in the new states,” says Wolfgang 
Sandner, director of the Max Born Institute 
in Berlin. 
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If ELI goes ahead, it will be the most 
prominent science project in Eastern Europe 
since the fall of the Berlin Wall. Initially split 
into outposts in the three countries, lead- 
ing up to one mammoth laser to be built by 
2017, ELI will ultimately be the Swiss army 
knife of laser centers. Its superfast, high- 
power pulses will probe the atomic nucleus 
and watch electrons inside atoms and mol- 
ecules. By colliding pulses with various tar- 
gets, researchers plan to create other sorts of 
radiation—electrons, protons, ions, x-rays, 
and gamma rays—for use in everything 
from cancer therapy to nuclear physics. 

The ultrahigh power and intensity of 
pulses of ELI’s final laser will produce elec- 
tric fields so strong that they may alter and 
sense the texture of the vacuum itself, open- 
ing up new research areas for astrophysicists 
and particle physicists. According to quan- 
tum electrodynamics (QED), the vacuum 
teems with pairs of electrons and positrons 
that pop fleetingly into existence, briefly 
separate, and then recombine and disap- 
pear. The electric fields of ELI’s pulses may 
be strong enough to pull these pairs apart 
before they can recombine, or at least feel 
the texture of this sea of virtual particles and 
test QED in a very direct way. We want to 
“drill a hole in the vacuum,” says ELI proj- 


ect coordinator Gérard Mourou, director of 
the Laboratory of Applied Optics (LAO) at 
Palaiseau, France. 


The power of three 

About 5 years ago, the E.U. called for ideas 
for international infrastructures to boost 
European research. Dozens of labs around 
the world already boast terawatt (10° watts) 
lasers, and a handful, including Vulcan, can 
now reach petawatts (10'° watts). Mourou 
and others wanted to go even bigger. They 
put together a plan for a laser that would push 


to go to the next step, to a truly international 
laser infrastructure beyond the capability of a 
single nation,” says Sandner. 

Several European countries expressed 
interest in hosting ELI, but securing funding 
proved difficult until the three eastern coun- 
tries realized they could apply for E.U. struc- 
tural funds. These are grants given to less 
developed E.U. member states to build infra- 
structures such as roads, bridges, and hos- 
pitals, but they can equally well be spent on 
research facilities. 

Last year, the Czech Republic, Hun- 
gary, and Romania came up with a novel 
plan: They would become equal partners in 
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In a flash. Researchers prepare attosecond 
laser experiments at the Max Planck Institute of 
Quantum Optics. 


the project and split it in three so that each 
would have a facility geared to a differ- 
ent branch of laser science. (Institutions in 
another 10 E.U. nations are also involved.) 
The three centers would have lasers with a 
range of powers between | and a few tens of 
petawatts; and the decision on where to put 
the final 200-petawatt laser would be put off 
for 2 years to give researchers more time to 
choose the best technology. 

Although laser scientists acknowledge 
that this makes the project more complicated, 
there are benefits, too. “There will be a slight 
increase in cost but a huge boost to local sci- 
entists [in each country],” says Sandner. If the 
structural funds are approved by early next 
year as expected, the three countries could 
begin pouring concrete in 2011, with a total 
price tag of about €750 million. “This is very, 
very significant. It’s the first time a European 
infrastructure project has been built on the east 
side of the [former] Iron Curtain,” says physi- 
cist Marius Enachescu, who is deputy secre- 
tary of state in Romania’s research ministry. 

The ELI facility in Hungary will focus 
on science using ultrashort laser pulses, 
just attoseconds (10-'® seconds) in length. 
Researchers began making attosecond pulses 
about a decade ago when 
they found that if they fired a 
femtosecond (10°! seconds) 
laser pulse into a gas such 
as neon, they created higher 
order harmonics of the origi- 
nal frequency. By superposing 
these harmonics, they could 
create attosecond-scale pulses, 
which is just the time scale 
needed to discern the move- 
ment of electrons in an atom. 

Researchers hope Hunga- 
ry’s ELI facility will enable 
them to carry out “pump- 
probe” type experiments, in 
which one pulse sets an atomic 
process in motion, then a sec- 
ond snaps the action a moment later like a 
hyperfast camera. They say they will be able 
for the first time to image the position in time 
and space of both nuclei and electrons at the 
subatomic scale. 

The Czech branch of ELI will be a laser- 
based beamline facility. Many areas of sci- 
ence rely on beams of particles and high- 
energy photons from accelerators, synchro- 
trons, x-ray tubes, and radioactive sources. In 
2000, researchers discovered that they could 
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In May 1960, Theodore 
Maiman unveiled the first 
working laser. This package 
describes a small sample of 
current laser research. 


also generate many of these beams by firing 
high-intensity laser pulses into gas jets, thin 
foils, and other targets. This laser strategy can 
produce x-rays and gamma rays, as well as 
pulses of electrons, protons, and ions, with a 
brightness and pulse length that open up new 
experimental possibilities. “When a laser 
interacts with a target, all sorts of impressive 
things are created. The products often can- 
not be produced in any other way,” says John 
Collier, RAL’ head of high-power lasers. 

One possible application this ELI branch 
plans to explore is cancer therapy with pro- 
ton or ion beams. Such beams are extremely 
effective for treating deep-seated tumors, but 
to perform such therapy a hospital now needs 
a particle accelerator costing tens of millions 
of dollars—something few can afford. Laser 
physicists think they can accelerate particles 
in a much cheaper and more compact way. 
When they fire a high-intensity laser pulse 
into a plasma, the photons’ magnetic field 
kicks electrons in the plasma forward and 
these then strike a foil target. As they emerge 
from the other side, they drag positive ions 
in the pulse’s wake. Such acceleration works 
“much faster over a shorter distance” than 
traditional accelerators do, says Sandner. 
“Tt’s in its very early infancy, but it points a 
way to the next step.” 

The third planned ELI facility, in Roma- 
nia, aims to open up a new area of laser sci- 
ence by probing the atomic 
nucleus with beams that are 
ultraintense—focused so that 
they have the maximum power 
per unit area. “The laser power 
that exists now cannot be com- 
pared with the strength of the 
nuclear field;’ says Enachescu. 
But he hopes that his nation’s 
ELI outpost can change that. 

It’s not clear yet whether 
ELI’s laser beams alone will 
be able to excite a nucleus 
into higher energy levels, 
but physicists are developing 
other tricks that utilize those 
beams to accomplish the feat. 
One such scheme involves 
colliding a laser pulse head-on with an elec- 
tron beam to produce an intense burst of 
gamma rays. “Then we will use that to dis- 
turb nuclei,” says Mourou. 


Probing the vacuum 

The fourth, and at the moment least-defined, 
part of ELI is the final 200-petawatt laser. 
The uncertainty is because planners are still 
weighing two rival methods to stretch cur- 
rent technology to this new power level. All 
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high-power research lasers rely on ampli- 
fiers: pieces of an active lasing medium, 
such as glass doped with neodymium, that 
resemble a laser without the end mirrors. 
Just before a pulse is fired, the amplifier 
is pumped with light from another source 
to create a large number of excited atoms. 
When the pulse comes through, those atoms 
emit light in step with the pulse, amplifying 
it with extra photons. But at about a gigawatt, 
each pulse has so much power that it begins 
to damage the glass. Researchers got around 
this problem in the mid-1980s after Mourou 
and colleague Donna Strickland developed 
a technique called chirped pulse amplifica- 
tion (CPA), which reduces the peak power of 
a short, high-power pulse by stretching the 
pulse out in time, before amplifying it and 
compressing it again. 

ELI may need additional strategies to 
increase laser power. “We’re getting to the 
limit of CPA,” says ELI Deputy Coordinator 
Georg Korn of the Max Planck Institute of 
Quantum Optics in Garching, Germany. The 
ELI team may consider an adaptation of CPA 
involving a special nonlinear crystal to trans- 
fer power from one stretched beam to another. 
This will be tested in a planned upgrade of 
Vulcan to 10 petawatts. Meanwhile, Mourou’s 
LAO and other French labs are testing a dif- 
ferent amplifier material, titantum-doped sap- 
phire, by building a 10-petawatt laser. 

The ELI team must eventually decide 
which approach to back and whether to push 
for even higher power or simply build 20 
10-petawatt lasers and combine the beams 
to make one of 200 petawatts. “We have to 
wait for this new technology to develop. Two- 
hundred petawatts is so advanced that there is 
a need for a demonstrator,” says Collier. 

Even if researchers achieve that power, 
they will still need high-intensity beams 
before they can explore the vacuum. Theo- 
rists calculate that an intensity of 20°? watts/ 
square centimeter (W/cm’) will be needed 
to rend apart electron-positron pairs. ELI 
will likely be able to reach intensities of 
only about 1074 W/cm’, but “there are some 
clever ideas around, some of them not yet 
published,” says Korn. These include using 
laser pulses to create intense gamma rays 
and probing the vacuum with them. 

With enough funding, says laser scien- 
tist Donald Umstadter of the University of 
Nebraska, Lincoln, ELI should overcome 
any technical difficulties. “They’ve set 
ambitious goals to reach ideal conditions. If 
they do, it will be very exciting. Whenever 
you are going to the limits, you can expect 
interesting physics to emerge.” 

—-DANIEL CLERY 
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Laser Fusion Energy Poised to Ignite 


Once lasers have shown that they can spark fusion, what next? 


In 1960, John Nuckolls, a physicist at Law- 
rence Livermore National Laboratory 
(LLNL) in California, was studying ways 
to compress and heat a capsule of hydrogen 
isotopes so that they would undergo fusion 
and generate energy. He looked at then- 
exotic technologies such as pulsed-power 
machines, particle accelerators, plasma guns, 
and hypervelocity pellet guns. Then in July 
he heard that Theodore Maiman had built 
the first successful optical laser at Hughes 
Research Laboratory in Malibu, California. 
Within days Nuckolls was working out how 
to implode his fuel capsule with a laser. 
Today, the direct result of Nuckolls’s ini- 
tiative is sitting in a cavernous hall 10 stories 
high and large enough to cover three football 
fields: the $3.5 billion National Ignition Facil- 
ity. NIF was completed in 2009, and test fir- 
ing of its giant laser has been going on since 
last summer. Shots aimed at igniting fusion 
fuel could begin later this year. Nuckolls— 
now a director emeritus of LLNL—and the 
rest of the fusion community are waiting anx- 
iously to see if NIF’s laser, which produces 
the world’s highest energy pulses, really can 
ignite a tiny version of the sun. “NIF will 
prove that ignition takes place at labora- 
tory temperatures, irrespective of the heat- 
ing method,” says Hiroshi Azechi, director of 
the Institute of Laser Engineering at Osaka 
University in Japan. Laser, or inertial, fusion 
energy “needs ignition to be successful,” says 


Mike Dunne, director of the Central Laser 
Facility at the Rutherford Appleton Labora- 
tory in Didcot, U.K. “There’s a lot of belief. 
The question is when?” 

Ignition alone, however, is not enough to 
prove that inertial fusion is a viable energy 
source. For all of its importance as a dem- 
onstration project, NIF would make a ter- 
rible power station. To give NIF the best 
chance of success, LLNL researchers built 
a laser designed to produce one-off pulses 
with the highest energy currently possi- 
ble: 1.8 megajoules in a flash lasting about 
20 nanoseconds. The tradeoff is that NIF 
can fire only two or three times per day. 
If everything goes according to plan and 
each fusion burn produces 100 megajoules 
of energy, three shots a day would pro- 
duce about 3.5 kilowatts of heat—enough 
to power one typical American home. 
Researchers estimate that an inertial fusion 
power station would need to explode a fuel 
capsule about 10 times a second, a feat no 
high-energy lasers can now achieve. 

Other obstacles to inertial fusion power 
include manufacturing the tiny fuel cap- 
sules filled with hydrogen at a rate of about 
a million a day; feeding them into the path 
of the laser beams 10 times a second; and 
building a vessel to contain the explosions 
and absorb the neutrons produced in fusion 
while converting their energy into heat to 
generate electricity. Even as they look for- 


ward to news from NIF, researchers at proj- 
ects in Japan, Europe, and the United States 
are already exploring steps toward practical 
laser-driven fusion power, should the laser in 
Livermore succeed. Which projects offer the 
best hope, and whether all can survive tight 
funding, remains unclear. 


Pulse power 

Key to any attempt at inertial fusion energy 
is building the laser. Industry has had 
decades of experience with high-power 
lasers of about 100 kilowatts, used for cut- 
ting, for example. Fusion could manage 
with 50 kilowatts on average, Dunne says, 
but it needs to be delivered not as a continu- 
ous beam but in very short pulses each with 
high energy. “The challenge is to marry 
short pulses with high average power,” says 
Dunne, a combination he thinks will take 
about 5 years to achieve. 

High-energy lasers such as NIF’s start 
with a relatively low-power beam and pass 
it through a series of amplifiers that steadily 
boost its power. An amplifier is a large 
piece of lasing material pumped with light 
from another source to create a population 
of excited atoms. When the beam passes 
through, the atoms emit photons in step 
with it, increasing its power. NIF’s ampli- 
fiers are made from glass doped with neo- 
dymium; the pumping is done by thousands 
of xenon flash lamps powered by a bank of 
capacitors that can store 400 megajoules of 
energy. That’s fine for NIF but not for a true 
laser-fusion power plant: Flash lamps must 
be cooled between shots and their capaci- 
tors recharged, and they are less than 1% 
efficient from wall plug to light. A power 
plant would need something at least 10% 
efficient—which, most agree, means solid- 
state laser diodes. 

Laser diodes, developed for the telecom- 
munications industry to send light down opti- 
cal fibers, are “getting better all the time,” says 
NIF Director Ed Moses. A diode-pumped 
laser would have arrays of diodes wrapped 
around the amplifier material to provide 
intense flashes of light at a high repetition 
rate. NIF researchers have built a demonstra- 
tor laser called Mercury that Moses says can 
produce the required repetition rate but has a 
narrow aperture and hence low power. Such 
lasers “have come a huge distance over the 
last decade,” he says. 

Livermore’s proposal for a post-NIF 
fusion energy project, called LIFE (Laser 
Inertial Fusion Engine), would produce up 
to 500 megawatts of power. LIFE would be 
“part of a continuum” from NIF, Moses says. 
The whole laser system would “have the look 
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and feel of NIF but operate at 10 hertz rather 
than hours.” One potential stumbling block is 
the high cost of laser diodes. ““We could oper- 
ate it now. We can show the performance but 
not the economics,” Moses says. 

Others, however, say leaping straight 
from NIF to a power plant is the wrong way 
to go. NIF’s and LIFE’s lasers, they point out, 
have to be very high energy because they are 
doing two jobs: compressing the fuel cap- 
sule and heating it to spark ignition. Some 
researchers predict that if you separate those 
functions and build two lasers, each opti- 
mized for a different job, you would have a 
much more efficient system. The compress- 
ing driver laser would be about one-tenth of 
the energy of NIF’s, and the heating laser less 
energetic still. 

This approach, known as fast ignition 
fusion, is under investigation at several cen- 
ters, most aggressively at Osaka University 
in Japan. About 5 years ago, a team there led 
by Azechi proved the principle of fast igni- 
tion by first compressing a hydrogen-filled 
capsule to 600 times the density of a normal 
liquid using Osaka’s GEKKO-XII laser and 
then raising its temperature to about 10 mil- 
lion kelvin with a second laser. The experi- 
ment produced fusion reactions but not igni- 
tion. On the strength of that result, the team 
embarked on the Fast Ignition Realization 
Experiment (FIREX). 

The first phase of FIREX aims to reach 
the ignition temperature of more than 
60 million kelvin. Then the team will attempt 


One-two punch. The FIREX project laser will pro- 
vide the heating pulse to spark fusion. 


www.sciencemag.org SCIENCE VOL 328 


HiPER reality. This European 
project hopes to capitalize on NIF 
to move rapidly to fusion energy 
generation. 


ignition in phase two. To get 
there, Azechi and his team 
have been building a new heating laser. 
The key to heating is not high energy but 
high power in very short pulses. The FIREX 
heating laser will be able to produce pulses 
with petawatt (10!° watts) power lasting just 
10 picoseconds (107'! seconds). But the pro- 
cess has not been easy. “The power is so high, 
everything breaks,” says Azechi. 

To keep the high-power pulses from 
destroying amplifiers, laser researchers use 
a technique called chirped pulse amplifica- 
tion: They take a short pulse, stretch it out 
in time using a diffraction grating, which 
reduces its peak power, pass it through an 
amplifier, and then use another grating to 
compress it back into a short pulse, now 
with higher power. “We need huge gratings 
with very high precision,” says Azechi. “It’s 
a technical challenge that has taken almost 
5 years.” The team has one of the laser’s 
four beamlines working and will complete 
the rest in the next | or 2 years, Azechi says. 
But he adds that he’s worried about funding 
for fusion in Japan. “With the technology, 
I’m very optimistic. Politically, it’s difficult. 
There are so many projects in this field.” 

In Europe, fusion researchers are betting 
on fast ignition to jump straight to a demon- 
stration power-producing reactor called the 
High Power laser Energy Research (HiPER) 
facility. The project—a collaboration involv- 
ing labs in 11 countries led by Dunne’s Cen- 
tral Laser Facility—has already completed a 
design and is in the middle of a 3-year pre- 
paratory phase during which a consortium, 
funders, and industry involvement will all be 
put in place. The plan is to begin construction 
in mid-decade if all goes well at NIF. 

Work to develop HiPER’s lasers is going 
on all over Europe, and a test-bed fast igni- 
tion laser called PETAL is under construc- 
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tion near Bordeaux, 
France. “I feel a degree of 
pride in the U.K. and Europe,” 
says Dunne, who currently leads 
the project. “We’re in a strong position 
with the technology and strategy. We’re at 
the leading edge of this field”’ Moses, how- 
ever, thinks fast ignition isn’t as close to via- 
bility as some believe. “LIFE uses low-risk 
technology. Fast ignition and other schemes 
are more futuristic, but they should be sup- 
ported,” he says. 


All for one? 

In the United States, meanwhile, the recent 
focus on NIF has largely diverted the gov- 
ernment’s attention from what comes next. 
(LIFE is an in-house LLNL project.) That 
is beginning to change. Moses says both 
Energy Secretary Steven Chu and one of 
his deputies, Steven Koonin, have visited 
the lab in recent months to learn about NIF 
and LIFE. Koonin has tasked the National 
Academy of Sciences to report on the next 
steps to achieve inertial fusion energy. “Our 
goal is to create a U.S. national effort, per- 
haps with international participation,” 
Moses says. 

If success at NIF sets the field moving 
again, the question of cooperation is bound 
to arise: Does the world need three projects 
doing roughly the same thing? “We’re inter- 
ested in collaborations. How it develops will 
be very interesting,” says Moses. Dunne, 
who will soon leave the United Kingdom 
to become director of the LIFE project at 
Livermore, says he will work to merge the 
LIFE and HiPER teams. “It’s the best way 
to achieve a result in the shortest possible 
time,” he says. “It’s not about whether laser 
fusion will happen, but who will make it 
happen.” -DANIEL CLERY 
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NANOLASERS 


Ever-Smaller Lasers Pave the Way 
For Data Highways Made of Light 


New materials and techniques are bringing researchers close to a once-unthinkable 
goal: optical devices tiny enough to work hand in hand with electronic circuits 


The dream of optical computing—replacing 
electronic devices with much faster ones 
based on light—has tantalized scientists 
for generations. Nowadays, computer cir- 
cuitry has grown too complex to be replaced 
wholesale. Instead, researchers talk about 
using lasers and other optical components as 
high-speed data highways between special- 
ized electronic processors on chips. So far, 
lasers and other optical components have 
been far too big to make this integration 
possible. “It’s hard to integrate the two tech- 
nologies when the optical devices are 1000 
times larger than the electronic devices,” 
says Cun-Zheng Ning, a physicist at Arizona 
State University, Tempe. 

But the gap is narrowing. In recent years, 
researchers around the world have married 
traditional optical materials with metals to 
create lasers a mere tens of nanometers thick. 
Just last month, two groups reported mak- 
ing lasers ultrasmall in all three dimensions. 
“That was almost unthinkable before,” says 
Peidong Yang, a chemist at the University of 
California (UC), Berkeley. “There has been 
a lot of progress.” 

Shrinking conventional lasers long 
seemed all but impossible. Traditional 
devices produce laser light by sending pho- 
tons through an optical cavity made from 
a “gain” material and bouncing them back 
and forth with tiny mirrors. Along the way, 
the photons cause energized electrons in the 
gain material to release their energy as addi- 
tional photons of light with the same wave- 
length. Those released photons then stimu- 
late the release of still more photons. As the 
avalanche grows, some of the light is allowed 
to leak out of one of the mirrors to produce a 
tight beam of photons whose waves all travel 
in lockstep. 

In most lasers, the gain region of the 
optical cavity is micrometers to meters in 
length. Photons of light can’t be con- 
fined to spaces smaller than half their 
wavelength; otherwise they leak out. 
Making a smaller device lase is like 
pouring water into a sieve. “A clas- 
sical [laser] cavity does not work,” 
Yang says. As a result, conventional 
lasers and other optical components for 
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visible light can’t be much smaller than 200 
to 300 nanometers across, and most conven- 
tional optical components are much larger 
than that. Current transistors and other elec- 
tronic devices, by contrast, include features 
that measure just tens of nanometers across. 


Silver 
encapsulation 


region 


p-InP. 


p-InGaAsP.- 
InP substrate 


The effort to shrink lasers took an impor- 
tant step in 2001, when Yang and his col- 
leagues reported making the first laser from 
a nanowire, a whisker of zinc oxide as thin 
as 100 nanometers across (Science, 8 June 
2001, p. 1897). Still, even though these lasers 
were ultrasmall in two dimensions, they were 
4 to 10 micrometers long, so that photons tra- 
versing the optical cavity would have room 
to build up enough gain to lase. 


ROOM TEMPERATURE NANOLASER © 


Aluminum 
SiO, 
InGaAsP 


Takes the heat. Precisely grown 
dielectric and metallic layers are key 
to this semiconducting device. 
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Glimmers of a breakthrough came in the 
late 1980s and 1990s from researchers study- 
ing the way light interacts with electrons in 
metals. Metals are strong light absorbers. But 
researchers found that shining a light beam 
at the interface between a metal and a non- 
conductive (or “dielectric”) medium such as 
glass caused mobile electrons at the interface 
to oscillate back and forth at the same fre- 
quency as the light but with a much shorter 
wavelength. That discovery offered the hope 
that by coupling a laser’s gain medium with 
a dielectric-metal interface, they could effec- 
tively squeeze the wavelength of the light pro- 
duced by the device and thus make the overall 
device smaller. 

Making such lasers took several years to 

pull off, but recent progress has been 


Flip the switch. Structure of an electrically activated 
nanolaser (left) and SEM image of its semiconducting core. 


brisk. In 2007, researchers led by Martin 
Hill, an electrical engineer at Eindhoven 
University of Technology in the Nether- 
lands, were the first to show that a semi- 
conductor surrounded by a thin metal struc- 
ture could lase. More recently, Hill, Ning, 
and colleagues reported in the 18 June 2009 
issue of Optics Express that they had made 
more complex lasers from pillars of indium- 
gallium-arsenide semiconductor as thin as 90 
nanometers surrounded by a 20-nanometer- 
thick silicon nitride dielectric and a silver 
casing. Hill and his colleagues showed that 
the ultrasmall structure would lase when 
fed electricity—an impressive feat, as most 
new lasers need to be “pumped” with pho- 
tons from another laser. Shaya Fainman, an 
electrical engineer at UC San Diego, calls 
the new work “pioneering” and says he’s “a 
little jealous” of the paper. But he notes that 
the device works only at cryogenic tempera- 
tures. “To make it practical, it has to be elec- 
trically pumped and work at room tempera- 
ture,” Fainman says. 

Last month, Fainman’s UCSD group 
reported that they had achieved this higher 
temperature operation. In their device, 
the UCSD researchers created an indium- 
gallium-arsenide-phosphide cylinder for 
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Smallest of the Small? 


Lasers have been shrinking ever since they were invented 50 years ago. 
But the 44-nanometer “spaser” will be hard to beat. 

The device, reported online in Nature on 16 August 2009 by research- 
ers at Norfolk State University in Virginia; Purdue University in West 
Lafayette, Indiana; and Cornell University, is akin to a conventional laser. 
In traditional lasers, light bounces between two mirrors, stimulating a 
“gain” medium to release more photons of light at the same wavelength 
to produce a tight, concentrated beam. In their surface-plasmon laser, or 
spaser, Mikhail Noginov, a physicist at Norfolk State, and his colleagues 
shine a conventional bluish-green laser beam into a suspension of nano- 
particles, each with a gold core surrounded by a layer of sodium sili- 
cate and an outer silica shell containing dye molecules. When the gold 
is excited by the laser photons, its surface starts to dance with collective 
oscillations of electrons, known as surface plasmons. The plasmons tickle 
the dye molecules to release more plasmons at the same wavelength, 
causing the device to emit green laser light. 

“It's impressive work,” says Cun-Zheng Ning, a nanolaser expert at Ari- 
zona State University, Tempe. But other outsiders are more cautious. “There 
are questions,” says one physicist, who asked not to be identified. Among 
the issues is a concern that the lasing could be a collective response from 
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ticles rather than 
from individual 
particles. Noginov 
and his colleagues 
respond that aggre- 
gation of particles, which 
can potentially affect their 
stimulated emissions, would 
also cause a shift of the sur- 
face plasmon spectrum. “This 
was not the case of our exper- 
iment,” Noginov says. 
Noginov says efforts to 
use this spaser design in 
high-speed computing could 
confront a greater challenge. 
The organic dye molecules 
used in the nanoparticles are 
fragile. To make a device robust enough for use in computing technology, 
Noginov says, researchers will likely need to make new all-inorganic-based 
spaser nanoparticles, a goal the field now faces. -R.F.S. 
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Pinpoint. Laser-zapped nanoparticles (top) 
generate surface plasmons, which multiply 
and reemit laser light at a different color. 
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the gain material. They then enveloped all 
but the bottom of the cylinder with a thin 
dielectric layer of silica and an outer layer 
of aluminum, leaving the bottom exposed 
to the air. During operation, the research- 
ers fire a 1.064-micrometer laser beam at 
the open part of the pillar. The device uses 
that energy to create laser light at a longer 
1.43 micrometers, which is then reemit- 
ted out of the uncoated bottom region of the 
pillar. Fainman says that they got the device 
to operate at room temperature by precisely 
engineering the width of the dielectric and 
metal layers. Now they must get the device 
to work when fed with electricity instead of a 
separate laser beam. “We are working on it,” 
Fainman says. 

A very different-looking device was 
recently reported by physicist Xiang Zhang 
and colleagues at UC Berkeley. In the 1 Octo- 
ber 2009 issue of Nature, Zhang’s group 
reported creating a plasmonic laser using a 
long, thin cadmium sulfide (CdS) nanowire 
placed atop a 5-nanometer-thick dielectric 
layer of magnesium fluoride, which in turn 
rests on a silver surface. The device starts 
out much like Yang’s original nanowire laser: 
First, the 10-micrometer-long CdS nanowire 
is pumped with a blast from a separate laser. 
Those photons are absorbed in the semicon- 
ductor, creating energetic electrons paired 
with electron vacancies called holes. When 
those electron-hole pairs recombine, they 
emit photons at a longer wavelength. 

Some of those reemitted photons, Zhang 
explains, bounce back and forth in the nano- 
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wire as in a traditional nanowire laser. Most, 
however, strike the metal-dielectric interface 
and generate oscillating electrons known as 
plasmons, which can travel like ripples in a 
pond. Typically, such plasmons would travel 
only a very short distance in a metal before 
dissipating. But by sandwiching the magne- 


By a whisker. Electron waves called surface plas- 
mons surf beneath this nanowire, stimulating 
more plasmons and eventually laser light. 


sium fluoride dielectric between the semicon- 
ducting CdS nanowire and the metallic silver, 
Zhang says, the researchers can channel the 
plasmons into it. Because the dielectric mate- 
rial doesn’t absorb plasmons, they can travel 
long distances back and forth. Tails of the 
plasmons’ electromagnetic waves extend into 
the nanowire and prod it to emit more photons 
at the same plasmonic frequency, creating the 
hallmark avalanche effect of a laser. One end 
of the nanowire is slightly more leaky, and 
plasmons emerging from the structure pro- 
duce a beam of greenish blue light. 
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In a paper posted on the arXiv preprint 
server on 23 April, Zhang and colleagues 
report creating a related device that improves 
on the one they described in Nature. The new 
device works at room temperature instead of 
cryogenic temperatures, and it shrinks the 
longest dimension of the laser down to a sin- 
gle micrometer. Zhang says his team is now 
working on an electrically pumped version 
of their plasmonic laser. 

Progress is coming from other angles as 
well. Last year, for example, researchers in 
Virginia, New York, and Indiana reported 
making a laser from 44-nanometer-sized par- 
ticles (see sidebar, above). And last month, 
Yang’s group at UC Berkeley reported hav- 
ing made an ultraviolet laser smaller than 
the wavelength of light in all three dimen- 
sions using a different technique known as 
“whispering gallery mode” lasing. Michael 
Haney, a physicist who manages research in 
this area for the Defense Advanced Research 
Projects Agency in Arlington, Virginia, says 
such progress shows that the goal of mak- 
ing lasers on the scale of electronic devices 
is “advancing very quickly.” The next chal- 
lenges, Haney says, are to get usable light 
out, make the lasers electrically activated, 
and assemble them in large arrays that can 
be integrated with electrical components. 
Those hurdles won’t be easy to clear. But the 
progress achieved thus far makes the pros- 
pects much brighter. 

—ROBERT F. SERVICE 


“http://arxiv.org/abs/1004.4227 


811 


Downloaded from www.sciencemag.org on May 13, 2010 


NEWSFOCUS 


812 


OPTICS 


Putting Light's Light Touch to Work 
As Optics Meets Mechanics 


Forces exerted by light can set tiny objects aquiver, a phenomenon scientists hope to 
harness in the burgeoning field of cavity optomechanics 


The effect appeared unexpectedly. In 2005, 
Kerry Vahala, an applied physicist at the 
California Institute of Technology (Caltech) 
in Pasadena, and his team were experiment- 
ing with microtoroids—little glass disks that 
resemble dinner plates with fat, rounded 
rims. Light can circulate around the rim, and 
each microtoroid resonates with laser light of 
a specific wavelength and frequency, just as 
an organ pipe rings at a distinct pitch. But 
the researchers found that the light passing 
through such a doohickey also warbled up 
and down in intensity at a much lower fre- 
quency (Science, 15 July 2005, p. 366). 

Eventually, the researchers found the 
source of the radio-frequency warbling: 
Pressure from the light within the toroid was 
making it vibrate. “We were not looking for 
this [mechanical effect] at all,’ Vahala says. 
“There was no precedent for it aside from 
some theoretical speculation.” 

That light-and-motion connection 
has spawned a new field. Scientists have 
long used laser light to move atoms and 
molecules—Nobel laureate and U.S. Secre- 
tary of Energy Steven Chu developed “opti- 
cal tweezers” that can uncoil DNA. But 
researchers are now using light to control 
the motion of larger humanmade objects 
built of materials like glass or silicon. A 
device must be both a fine “optical cav- 
ity” that rings with light and an outstanding 
“mechanical resonator” that, like a pitch- 
fork, vibrates readily at a precise frequency. 
Researchers can then use light to control 
vibrations or vice versa. 

Such “cavity optomechanics” might be 
used to coax vibrating machines to hum to the 
odd rules of quantum mechanics, which ordi- 
narily govern the realm of atoms and mole- 
cules. More practically, optomechanical wid- 
gets might process optical signals or serve as 
frequency standards. One team has even used 
them to make a kind of laser for vibrations. 
Other exciting results are sure to come, says 
Oskar Painter, an applied physicist at Caltech: 
“This wave hasn’t crested yet.” 


All aquiver 
Light can shake an object in several ways. In 
Vahala’s gizmo, light’s pressure does the trick. 


A toroid will resonate with light bled in from 
an optical fiber if its circumference equals a 
multiple of the light’s wavelength. As light 
accumulates, its pressure stretches the toroid 
(see figure, below). But that stretch spoils the 
resonance, so the circulating light wanes, the 
pressure eases, and the toroid shrinks. The 
cycle of expansion and contraction repeats at 
arate set by the stiffness of the disk, typically 
millions of cycles per second, and makes the 
light leaving the cavity warble. 


FORCES EXERTED BY PHOTONS 


Light can also trigger vibration by mak- 
ing a material contract. Tal Carmon, an 
applied physicist at the University of Michi- 
gan, Ann Arbor, and a colleague circulated 
light in a 100-micrometer-wide glass sphere. 
In a chicken-or-egg process called stimu- 
lated Brillouin scattering, the light set off 
a vibration moving in the same direction, 
while the vibration “scattered” light into a 
second wave of a longer wavelength going 
the other way. The overlapping light waves 
created a moving pattern of bright spots that 
caused the glass to contract and amplified the 
vibration, as the team reported on 19 March 
2009 in Physical Review Letters. 

Light is a wimpy mover and shaker; a 
laser beam with a power of | watt exerts a 
force of just 6 nanonewtons. To respond to 
such feeble shoving, an object must resonate 
with light, so that each photon circulates in 
it thousands of times, greatly enhancing the 


N 
y > Light pressure 


Give it a shake. Light can set a micrometer-sized object vibrating by exerting pressure (bottom), 
creating sideways pushes or pulls (top /eft), or causing material to constrict. 


Light exerts a sideways “gradient force” 
as an insulating material feels a pull to 
where the light is most intense, like an actor 
who craves the spotlight. For example, if one 
toroid lies atop another, then gradients in 
the light leaking between them can pull their 
edges together or push them apart, as Michal 
Lipson, an applied physicist at Cornell Uni- 
versity, and colleagues reported online 
15 November 2009 in Nature. If the toroids 
are springy, then that force can also trigger 
their edges to flap up and down in a cycle 
akin to the one pressure causes in a single 
toroid, as Painter reported on 31 August 
2009 in Physical Review Letters. 


photon’s mechanical effect. The device must 
also ring with vibrations, so a small force 
repeatedly applied can cause a large move- 
ment. Only recently has it been possible to 
combine those properties. “These structures 
weren’t around 15 years ago,” Vahala says. 


Cool it! 

Now that the gadgets exist, physicists want 
to see what they can do. Many are trying to 
coax them to wiggle quantum mechanically. 
According to quantum theory, a vibrating 
object, or “oscillator,” can absorb energy 
only in discrete “quanta” whose size is set 
by the vibration frequency. The object can’t 
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stand still, either; it will always possess an 
inextricable half-quantum of energy and 
hum with “zero-point motion.” Physicists 
hope to spot that unquenchable quaking as 
a step toward more-bizarre states of motion, 
such as one in which an oscillator is in two 
places at once. 

Each quantum is minuscule. So to remove 
every possible one and reach the “ground 
state,” physicists must cool an oscillator 
to nearly absolute zero. Ironically, Vahala’s 
observation that light can trigger 
vibrations opens the way to cooling 
an oscillator by shining a laser on it. 
The trick is to reverse the process, 
says Tobias Kippenberg of the Swiss 
Federal Institute of Technology, Lau- 
sanne. “The fact that you could use 
this for cooling was immediately 
clear,” he says. 

To trigger a vibration in, say, a tor- 
oid, the light’s frequency must be tuned 
slightly higher than the toroid’s reso- 
nant frequency. To still a vibration, the 
light’s energy and frequency must be 
lowered—optimally, by the frequency 


Other vibes 

Optomechanical gizmos might serve myriad 
other purposes, too. “I’m very excited about 
the applications of these structures,” says 
Cornell’s Lipson. A double-toroid makes a 
low-power optical switch, she says, as one 
laser beam can change the size and opti- 
cal frequency of the thing and control the 
passage of another beam. A jiggling toroid 
makes a frequency standard that’s immune to 
electrical interference. It works as a “down- 


of the vibration. To enter the toroid, a 
photon must then make up the energy 


Next, the team used optical gradient 
forces to couple the jiggling of two paral- 
lel bridges, tuning their combined motion to 
a so-called dark state that neither emits nor 
absorbs light, as they reported 7 February in 
Nature Photonics. That feat raises the pos- 
sibility of snaring a light pulse in that dark 
state. “We’ve got exactly what we want, 
which is the ability to store a photon pulse 
and then release it,’ Painter says. Physi- 
cists had previously stopped light in atomic 
vapors, but optomechanical crystals 
are easier to control and could be 
used for all-optical quantum infor- 
mation processing, he says. 

Physicists have even fashioned the 
equivalent of a laser for vibrations. In 
a laser, a light-emitting material sits 
between two mirrors. The atoms in it 
are boosted from their ground state 
to a more energetic, excited state by, 
say, applying a voltage, and as they 
“de-excite,” the atoms emit photons, 
which bounce between the mirrors. 
Passing through the material, the 
photons trigger excited atoms to emit 


UTC 


it lacks by absorbing a quantum of 
energy from the toroid. The scheme 
works because, thermodynamically, 
“a laser beam is a very cold object,” 
says Jack Harris of Yale University. 
“A good laser is at 0 kelvin.” 

Last year, three groups used laser 
cooling to reduce an oscillator’s energy to 
a few dozen quanta. However, they were 
beaten to the ground state by a team that 
simply chilled an oscillator with a very high 
frequency—and hence large quanta—in a 
liquid-helium refrigerator (Science, 29 Jan- 
uary, p. 516). But optical methods still have 
advantages, says Markus Aspelmeyer of the 
University of Vienna. “That’s why the result 
has only encouraged us,” he says. 

Laser cooling alone might chill an oscil- 
lator to the ground state, Aspelmeyer says. 
That might make it possible to run an array 
of oscillators not deep within a helium 
refrigerator but on a more-accessible opti- 
cal table to process information encoded 
in the quantum state of light. And optical 
methods might do things that other meth- 
ods can’t, Harris says. For example, he has 
devised an optical scheme to watch the 
quantum jumps when an oscillator absorbs 
individual quanta. Optomechanical devices 
could also generate exotic quantum states of 
light, Harris says, such as “squeezed” states 
that suppress the random lumpiness of the 
photons in the light. 
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more photons of the same wavelength 
and direction. Such “stimulated emis- 


Conceptual bridge. The array of holes in a bridgelike opto- 
mechanical crystal (top) traps light (middle) and vibrations, trans- 
ferring energy from one to the other. 


converter” to extract a radio signal encoded 
in an optical carrier beam, as Mani Hossein- 
Zadeh, an applied physicist at the University 
of New Mexico, Albuquerque, reported on 
15 February 2008 in ZEEE Photonics Tech- 
nology Letters. 

Meanwhile, other researchers are working 
on more speculative ideas. In the 1990s, phys- 
icists pioneered “photonic crystals,’ materi- 
als riddled with holes through which photons 
travel like the electrons in a crystalline solid, 
with only certain energies allowed. Similar 
holey “phononic crystals” control vibrations 
in the same way. Now, Caltech’s Painter and 
his colleagues have combined the two, as they 
reported online 18 October 2009 in Nature. 

Their optomechanical crystal consists of 
a ladderlike beam of silicon about 30 micro- 
meters long and 1.3 micrometers wide (see 
figure, above). The spacing between rungs 
shrinks slightly near the beam’s middle, creat- 
ing a “defect” that traps both light of a certain 
frequency and vibrations shaking at about 
2 billion cycles per second. Again, light forces 
set off vibrations, which reveal themselves in 
a warbling of the light. 
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sion” produces a torrent of identical 
photons that is the laser beam. 

Twisting that idea, Caltech’s 
Vahala amps up vibrations using 
jumps between optical states of two 
toroids placed side by side. As light 
bleeds from one to the other, their 
resonances meld into a lower frequency one 
and a higher frequency one, just as the elec- 
tronic orbitals of two identical atoms meld 
and split when the atoms form a molecule. 
Adjusting the toroids’ spacing, the research- 
ers tune the frequency difference to equal 
the frequency at which one toroid shakes, 
as they reported 22 February in Physical 
Review Letters. When they then pump in 
enough high-frequency light, the vibrations 
amplify themselves by stimulating jumps to 
the low-frequency optical state. 

Where all these efforts will lead remains 
to be seen. Some researchers say that, tech- 
nologically, optomechanical devices have 
yet to do anything that electronics can’t do. 
“T don’t see anything that’s a breakthrough 
at this point,” Hossein-Zadeh says. However, 
the tiny machines may find uses in basic 
research in various fields of physics. “These 
little widgets will be a part of science, even 
outside of what we call cavity optomechan- 
ics,” Vahala says. Now that physicists can 
shake things up with light, likely they’ll find 
ways to use that trick. 

-ADRIAN CHO 
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China’s Environmental Civilian Activism 


IN THE POLICY FORUM “CHINA'S ROAD TO SUSTAINABILITY” (2 APRIL, P. 50), J. LIU OVERLOOKS AN 
important cultural force. China’s worsening environmental conditions have catalyzed a spirit 
of environmental civilian activism. 

For example, in 2003, a consortium proposed erecting 13 dams on the Nujiang River. 
China’s environmental nongovernmental organizations and scholars launched a protest cam- 
paign through the Internet and newspapers. The critics argued that as reservoirs behind the 
dams filled up, flooding and landslides would imperil habitats. In response, Premier Wen 
Jiabao suspended the dam project pending an environmental review in 2004 (/). 

The landmark of environmental civilian activism occurred in Xiamen City in 2007. The 
local government supported construction of a $1.4-billion paraxylene plant near the center of 
the city. Information about the environmental impact of this project was not made available to 
the local residents. The people of Xiamen City were outraged when—through cell phone mes- 
sages and the Internet—they learned of the plant’s environmental risks. A phone text message 
was circulated among Xiamen citizens in late May calling for a “collective walk” (demonstra- 
tion). On | June 2007, more than 1000 citizens gathered in front of the municipal building 
to protest. The demonstration forced 
the local government to cancel the 
largest industrial project in the his- 
tory of Xiamen (2). 

The burgeoning middle class has 
become the driver of environmental 
civilian activism. For example, opera- 
tion of the Likeng trash incinerator in 
Guangzhou City started in 2005 with- 
out any protest, although local farm- 
ers worried about health risk (3). In 
contrast, the proposed Panyu trash 
incinerator in Guangzhou City in 
2009 triggered protests that were led 
by the middle class (4), who used sci- 
ence-based evidence to openly chal- 
lenge prevailing notions formulated 
by the authorities. (In earlier years, standard practice was to obey Beijing-based experts in 
environmental protection.) In addition, the self-organized middle class forced the local gov- 
ernment to open discussion by Internet. By seizing the opportunity for an open discussion, the 
newly empowered locals took to the streets to protect their environmental rights (4). 

Recent years have witnessed an impressive growth in environmental protests in China. The 
number of petitions and mass public protests related to environmental issues has increased by 
30% per year in the past few years, although the number of petitions lodged with the Chinese 
government has dropped (5). 

The current environmental civilian activism movements have several common character- 
istics: (i) They are confined to one specific geographical space. (ii) Their goal is protecting the 
environment, rather than political rights or commercial interests. (iii) They focus on a specific 
pollutant, rather than general environmental degradation. The local nature of the movement 
enables the organization of a large number of citizens with little effort in a very short time. 
Given more open social and political conditions and the increasing size of the middle class in 


Protests. Chinese citizens protest against the planned 
Guangzhou trash incinerator in 2009. Their banners 
read, “Oppose the trash incinerator.” 
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China, environmental civilian activism will 
certainly be a key driver in China’s transition 
to sustainability. 
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Effects of China's 
Economic Growth 


IN A RECENT POLICY FORUM, J. LIU REVIEWED 
“China’s road to sustainability” (2 April, 
p. 50). Liu focused on population growth 
and an increase in the number of households, 
but he failed to adequately address the most 
important socioeconomic driver behind envi- 
ronmental degradation in China: rapid eco- 
nomic growth that is not offset by efficiency 
improvements (J, 2). 

In China, exports and capital invest- 
ments contribute significantly more to gross 
domestic product (GDP) than household 
and government consumption combined 
(3), and this also holds true for emissions 
(1, 2). From 2002 to 2005, the production 
of exports was responsible for 50% of the 
growth in carbon dioxide emissions and 
capital formation was responsible for 35%; 
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household and government consumption 
contributed 15% (4, 5). 

Liu discusses population control and 
household size, but a more dominant issue in 
terms of population dynamics is the migra- 
tion from rural to urban areas (6). From 1990 
to 2007, the urban population increased by 
292 million, whereas the rural population 
decreased by 116 million (3). Urban dwell- 
ers, even if migrants from rural areas, have 
a higher income (3) and hence higher energy 
use and environmental impacts (2, 6). 

A key challenge for China is to continue 
strong economic growth while minimizing 
environmental impacts. Reductions in emis- 
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sions per unit of GDP are unlikely to reduce 
total emissions if economic growth contin- 
ues (/). China will need to combine aggres- 
sive domestic policies with international 
support to reverse the current growth in 
coal-dominated energy use and emissions. 
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TECHNICAL COMMENT ABSTRACTS 


Comment on “Detection of an Infectious Retrovirus, XMRV, in Blood Cells 
of Patients with Chronic Fatigue Syndrome” 


Cathie Sudlow, Malcolm Macleod, Rustam Al-Shahi Salman, Jon Stone 


Lombardi et al. (Reports, 23 October 2009, p. 585) reported an association between the human gammaretrovirus 
XMRV and chronic fatigue syndrome. However, their results may be misleading because of various potential sources 
of bias and confounding. If real, the association may lack generalizability because of the specific characteristics of the 
cases studied and could be due to reverse causality. 

Full text at www.sciencemag.org/cgi/content/full/328/5980/825-a 


Comment on “Detection of an Infectious Retrovirus, XMRV, in Blood Cells 
of Patients with Chronic Fatigue Syndrome” 


Andrew Lloyd, Peter White, Simon Wessely, Michael Sharpe, Dedra Buchwald 


Lombardi et al. (Reports, 23 October 2009, p. 585) reported a significant association between the human retrovirus 
XMRV and chronic fatigue syndrome (CFS). However, the cases with CFS and the control subjects in their study are 
poorly described and unlikely to be representative. Independent replication is a critical first step before accepting 
the validity of this finding. 


Full text at www.sciencemag.org/cgi/content/fulV328/5980/825-b 


Comment on “Detection of an Infectious Retrovirus, XMRV, in Blood Cells 
of Patients with Chronic Fatigue Syndrome” 


Jos W. M. van der Meer, Mihai G. Netea, Jochem M. D. Galama, Frank J. M. van Kuppeveld 


Lombardi et al. (Reports, 23 October 2009, p. 585) reported detection of the human gammaretrovirus XMRV in the 
blood cells of patients with chronic fatigue syndrome (CFS). However, the patient description provided was incomplete. 
The inclusion of patients from a “CFS outbreak” previously linked with a viral infection, without confirmation in sporadic 
CFS cases, casts doubt on the role of XMRV in the pathogenesis of CFS. 


Full text at www.sciencemag.org/cgi/content/full/328/5980/825-c 


Response To Comments on “Detection of an Infectious Retrovirus, XMRV, in Blood 
Cells of Patients with Chronic Fatigue Syndrome” 


Judy A. Mikovits and Francis W. Ruscetti 


We reported the detection of the human gammaretrovirus XMRV in 67% of 101 patients with chronic fatigue syndrome 
(CFS) and in 3.7% of 218 healthy controls, but we did not claim that XMRV causes CFS. Here, we explain why the criti- 
cisms of Sudlow et al., Lloyd et al., and van der Meer et al. regarding the selection of patients and controls in our study 
are unwarranted. 


Full text at www.sciencemag.org/cgi/content/full/328/5980/825-d 
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Risks of Immune 
System Treatments 


WE WISH TO ADD SEVERAL POINTS TO THE 
News Focus story “Replacing an immune 
system gone haywire” (J. Couzin-Frankel, 12 
February, p. 772). 

First, a great deal of research had already 
been done before the 1996 Basel meet- 
ing mentioned in the story. Stem cell trans- 
plants had been studied in animal models of 
autoimmune disease (/—5). Patient stem cell 
transplant protocols had been written, and a 
few human patients had already been treated 
specifically for autoimmune disease (6—/0). 

Second, we would like to stress the vary- 
ing levels of risk in the treatment strategies 
described in the story. The immune sys- 
tem originates from hematopoietic stem 
cells (HSCs). Before receiving a transplant, 
patients with autoimmune diseases receive 
“conditioning” chemotherapy or radia- 
tion that destroys lymphocytes, inducing an 
immediate immune cease-fire. Subsequently, 
HSCs are infused to regenerate a new self- 
tolerant immune system. Sullivan and Nash 
advocate conditioning regimens with high 
doses of radiation. These extreme regimens 
cause irreversible bone marrow failure, thus 
requiring mandatory HSC reinfusion. The 
rationale for this high-dose strategy is that 
maximal ablation of the immune system 
will translate into longer and more durable 
disease remission. In contrast, we advocate 
less extreme regimens of chemotherapy, 
which can halt inflammation without alter- 
ing the bone marrow’s ability to recover. 
The News Focus article also comments on 
the risk of infertility when patients are pre- 
treated with chemotherapy. We emphasize 
that the risk of infertility is higher for the 
more extreme regimens. 
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Finally, although the News Focus story 
comments on problems obtaining insur- 
ance approval in the United States, medical 
funding is a worldwide issue, including in 
countries with government-funded health 
services. In addition to patient safety ben- 
efits, less toxic regimens also cost any health 
care system less money, because patients are 
less likely to suffer complications such as 
secondary cancers. 
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CORRECTIONS AND CLARIFICATIONS 


Letters: “Climate change and the integrity of science” by P. H. Gleick et al. (7 May, p. 689). Due to an editorial error, the origi- 


nal image was not a photograph but a collage. It was a mistake to have used it. The image (link available at www.sciencemag. 
org/cgi/content/full328/5979/689/DC2) has been replaced in the HTML version and in the online PDF by an unaltered photo- 
graph from National Geographic (CREDIT: Paul Nicklen/National Geographic/Getty Images) of two polar bears on an ice floe. 


News Focus: “Meeting briefs: The ins and outs of HIV" by J. Cohen (5 March, p. 1196). The earliest report of HIV predominantly 
entering cells through endocytosis appeared in C. D. Pauza, T. 


Letters to the Editor 


M. Price, J. Cell Biol. 107, 959 (1988). 


Letters (~300 words) discuss material published in Science in the previous 3 months or issues of general 
interest. They can be submitted through the Web (www.submit2science.org) or by regular mail (1200 New 
York Ave., NW, Washington, DC 20005, USA). Letters are not acknowledged upon receipt, nor are authors 
generally consulted before publication. Whether published in full or in part, letters are subject to editing 
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Comment on “Detection of an Infectious 
Retrovirus, XMRV, in Blood Cells of 
Patients with Chronic Fatigue Syndrome” 


Cathie Sudlow,’2* Malcolm Macleod,*? Rustam Al-Shahi Salman,* Jon Stone? 


Lombardi et al. (Reports, 23 October 2009, p. 585) reported an association between the 

human gammaretrovirus XMRV and chronic fatigue syndrome. However, their results may be 
misleading because of various potential sources of bias and confounding. If real, the association 
may lack generalizability because of the specific characteristics of the cases studied and could 


be due to reverse causality. 


ell-conducted case-control studies 
WV provide important insights into dis- 
ease pathogenesis. Lombardi et al. (/) 
demonstrated an apparent association between 
chronic fatigue syndrome (CFS) and the pres- 
ence, infectivity of; and immune response to the 
human gammaretrovirus, xenotropic murine leu- 
kemia virus—related virus (XMRV). However, 
their report has few features of a well-conducted 
case-control study, making their findings poten- 
tially misleading. Here, we briefly discuss several 
issues of study design, analysis, and interpreta- 
tion, which may have contributed to inappropri- 
ate conclusions. 

First, although the CFS cases studied fulfilled 
broadly accepted diagnostic criteria, they were 
selected from regions of CFS “outbreaks” and 
had specific immunological abnormalities, mak- 
ing them potentially more susceptible to viral 
infections than most patients with CFS. This 
could limit the generalizability of the study’s re- 
sults. Second, to avoid selection bias, the CFS- 


1Division of Clinical Neurosciences, University of Edin- 
burgh, Western General Hospital, Edinburgh EH4 2XU, UK. 
2centre for Molecular Medicine, Institute of Genetics and 
Molecular Medicine, University of Edinburgh, Edinburgh 
EH4 2XU, UK. *Department of Neurology, NHS Forth 
Valley, Stirling, UK. 


*To whom correspondence should be addressed. E-mail: 
cathie.sudlow@ed.ac.uk 


www.sciencemag.org SCIENCE VOL 328 


free controls should have been drawn from the 
same background population as the cases and 
selected independent of the exposure (in this 
case, a viral infection) under study (2, 3). Put 
simply, the controls should ideally have been 
people who would have been cases in the study 
if they had CFS. However, the control subjects 
are not described in (/) beyond a mention that 
they were healthy donors. Third, the lack of 
clinical data for cases and controls makes it 
impossible to assess the potential for confound- 
ing by numerous other characteristics that may 
independently influence XMRY status, including 
age, sex, social deprivation status, medical history 
(e.g., of prostate cancer), and area of residence. 
Although confounding by demographic and clin- 
ical characteristics alone is unlikely to account for 
all of the observed difference in XMRV status 
between cases and controls, it could certainly be a 
contributory factor. 

Fourth, Lombardi et a/. do not explain whether 
identical and contemporaneous laboratory sam- 
ple storage, handling, and analysis procedures 
were used for both cases and controls. Differences 
in these could be another potentially important 
source of confounding. Fifth, even if identical 
laboratory procedures for cases and controls 
were intended, researchers exploring an exciting 
new hypothesis of a viral cause for CFS in a 
laboratory established to explore biological causes 


of CFS will be understandably eager for positive 
results. This so-called “expectation bias” may 
lead to completely unconscious and nondeliber- 
ate differences in sample handling and data in- 
terpretation between cases and controls; it can 
be avoided only if researchers are blinded to the 
case-control status of the samples. However, this 
is not described in (/). 

Finally, the criteria for selecting samples for 
further analyses (including XMRV protein ex- 
pression in 30/101 cases and 16/218 controls, 
infectivity in 12 cases and 12 controls, and im- 
mune response in 18 cases and 7 controls) are 
not described and are another important source of 
potential bias. Was this selection made at ran- 
dom or without knowledge of case-control status? 
Were all case and control samples on which test- 
ing was performed included in data analyses? 

Aside from these crucial methodological is- 
sues, other plausible alternative explanations for 
the findings are not explicitly discussed. Fore- 
most among these is reverse causality: Patients 
with poor general health because of CFS may 
be more susceptible to viral and other infections. 
We welcome biological research in CFS but are 
concerned that Lombardi et al. (/) have not 
discussed the possibilities of bias, confounding, 
reverse causality, and lack of generalizability in 
their study. Patients with CFS, understandably 
desperate for answers, deserve high-quality re- 
search into their condition. Full details of the 
methodological issues described above should 
be published, so that the scientific community 
can properly assess the credibility of these find- 
ings. This is particularly important because three 
studies (including a total of 388 patients with 
CFS and 438 controls from the United Kingdom 
and the Netherlands) have now failed to demon- 
strate any link between XMRV and CFS (4-6). 
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China’s Environmental Civilian Activism 


IN THE POLICY FORUM “CHINA'S ROAD TO SUSTAINABILITY” (2 APRIL, P. 50), J. LIU OVERLOOKS AN 
important cultural force. China’s worsening environmental conditions have catalyzed a spirit 
of environmental civilian activism. 

For example, in 2003, a consortium proposed erecting 13 dams on the Nujiang River. 
China’s environmental nongovernmental organizations and scholars launched a protest cam- 
paign through the Internet and newspapers. The critics argued that as reservoirs behind the 
dams filled up, flooding and landslides would imperil habitats. In response, Premier Wen 
Jiabao suspended the dam project pending an environmental review in 2004 (/). 

The landmark of environmental civilian activism occurred in Xiamen City in 2007. The 
local government supported construction of a $1.4-billion paraxylene plant near the center of 
the city. Information about the environmental impact of this project was not made available to 
the local residents. The people of Xiamen City were outraged when—through cell phone mes- 
sages and the Internet—they learned of the plant’s environmental risks. A phone text message 
was circulated among Xiamen citizens in late May calling for a “collective walk” (demonstra- 
tion). On | June 2007, more than 1000 citizens gathered in front of the municipal building 
to protest. The demonstration forced 
the local government to cancel the 
largest industrial project in the his- 
tory of Xiamen (2). 

The burgeoning middle class has 
become the driver of environmental 
civilian activism. For example, opera- 
tion of the Likeng trash incinerator in 
Guangzhou City started in 2005 with- 
out any protest, although local farm- 
ers worried about health risk (3). In 
contrast, the proposed Panyu trash 
incinerator in Guangzhou City in 
2009 triggered protests that were led 
by the middle class (4), who used sci- 
ence-based evidence to openly chal- 
lenge prevailing notions formulated 
by the authorities. (In earlier years, standard practice was to obey Beijing-based experts in 
environmental protection.) In addition, the self-organized middle class forced the local gov- 
ernment to open discussion by Internet. By seizing the opportunity for an open discussion, the 
newly empowered locals took to the streets to protect their environmental rights (4). 

Recent years have witnessed an impressive growth in environmental protests in China. The 
number of petitions and mass public protests related to environmental issues has increased by 
30% per year in the past few years, although the number of petitions lodged with the Chinese 
government has dropped (5). 

The current environmental civilian activism movements have several common character- 
istics: (i) They are confined to one specific geographical space. (ii) Their goal is protecting the 
environment, rather than political rights or commercial interests. (iii) They focus on a specific 
pollutant, rather than general environmental degradation. The local nature of the movement 
enables the organization of a large number of citizens with little effort in a very short time. 
Given more open social and political conditions and the increasing size of the middle class in 


Protests. Chinese citizens protest against the planned 
Guangzhou trash incinerator in 2009. Their banners 
read, “Oppose the trash incinerator.” 
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China, environmental civilian activism will 
certainly be a key driver in China’s transition 
to sustainability. 
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Effects of China's 
Economic Growth 


IN A RECENT POLICY FORUM, J. LIU REVIEWED 
“China’s road to sustainability” (2 April, 
p. 50). Liu focused on population growth 
and an increase in the number of households, 
but he failed to adequately address the most 
important socioeconomic driver behind envi- 
ronmental degradation in China: rapid eco- 
nomic growth that is not offset by efficiency 
improvements (J, 2). 

In China, exports and capital invest- 
ments contribute significantly more to gross 
domestic product (GDP) than household 
and government consumption combined 
(3), and this also holds true for emissions 
(1, 2). From 2002 to 2005, the production 
of exports was responsible for 50% of the 
growth in carbon dioxide emissions and 
capital formation was responsible for 35%; 
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household and government consumption 
contributed 15% (4, 5). 

Liu discusses population control and 
household size, but a more dominant issue in 
terms of population dynamics is the migra- 
tion from rural to urban areas (6). From 1990 
to 2007, the urban population increased by 
292 million, whereas the rural population 
decreased by 116 million (3). Urban dwell- 
ers, even if migrants from rural areas, have 
a higher income (3) and hence higher energy 
use and environmental impacts (2, 6). 

A key challenge for China is to continue 
strong economic growth while minimizing 
environmental impacts. Reductions in emis- 
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sions per unit of GDP are unlikely to reduce 
total emissions if economic growth contin- 
ues (/). China will need to combine aggres- 
sive domestic policies with international 
support to reverse the current growth in 
coal-dominated energy use and emissions. 
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TECHNICAL COMMENT ABSTRACTS 


Comment on “Detection of an Infectious Retrovirus, XMRV, in Blood Cells 
of Patients with Chronic Fatigue Syndrome” 


Cathie Sudlow, Malcolm Macleod, Rustam Al-Shahi Salman, Jon Stone 


Lombardi et al. (Reports, 23 October 2009, p. 585) reported an association between the human gammaretrovirus 
XMRV and chronic fatigue syndrome. However, their results may be misleading because of various potential sources 
of bias and confounding. If real, the association may lack generalizability because of the specific characteristics of the 
cases studied and could be due to reverse causality. 

Full text at www.sciencemag.org/cgi/content/full/328/5980/825-a 


Comment on “Detection of an Infectious Retrovirus, XMRV, in Blood Cells 
of Patients with Chronic Fatigue Syndrome” 


Andrew Lloyd, Peter White, Simon Wessely, Michael Sharpe, Dedra Buchwald 


Lombardi et al. (Reports, 23 October 2009, p. 585) reported a significant association between the human retrovirus 
XMRV and chronic fatigue syndrome (CFS). However, the cases with CFS and the control subjects in their study are 
poorly described and unlikely to be representative. Independent replication is a critical first step before accepting 
the validity of this finding. 


Full text at www.sciencemag.org/cgi/content/fulV328/5980/825-b 


Comment on “Detection of an Infectious Retrovirus, XMRV, in Blood Cells 
of Patients with Chronic Fatigue Syndrome” 


Jos W. M. van der Meer, Mihai G. Netea, Jochem M. D. Galama, Frank J. M. van Kuppeveld 


Lombardi et al. (Reports, 23 October 2009, p. 585) reported detection of the human gammaretrovirus XMRV in the 
blood cells of patients with chronic fatigue syndrome (CFS). However, the patient description provided was incomplete. 
The inclusion of patients from a “CFS outbreak” previously linked with a viral infection, without confirmation in sporadic 
CFS cases, casts doubt on the role of XMRV in the pathogenesis of CFS. 


Full text at www.sciencemag.org/cgi/content/full/328/5980/825-c 


Response To Comments on “Detection of an Infectious Retrovirus, XMRV, in Blood 
Cells of Patients with Chronic Fatigue Syndrome” 


Judy A. Mikovits and Francis W. Ruscetti 


We reported the detection of the human gammaretrovirus XMRV in 67% of 101 patients with chronic fatigue syndrome 
(CFS) and in 3.7% of 218 healthy controls, but we did not claim that XMRV causes CFS. Here, we explain why the criti- 
cisms of Sudlow et al., Lloyd et al., and van der Meer et al. regarding the selection of patients and controls in our study 
are unwarranted. 


Full text at www.sciencemag.org/cgi/content/full/328/5980/825-d 
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Risks of Immune 
System Treatments 


WE WISH TO ADD SEVERAL POINTS TO THE 
News Focus story “Replacing an immune 
system gone haywire” (J. Couzin-Frankel, 12 
February, p. 772). 

First, a great deal of research had already 
been done before the 1996 Basel meet- 
ing mentioned in the story. Stem cell trans- 
plants had been studied in animal models of 
autoimmune disease (/—5). Patient stem cell 
transplant protocols had been written, and a 
few human patients had already been treated 
specifically for autoimmune disease (6—/0). 

Second, we would like to stress the vary- 
ing levels of risk in the treatment strategies 
described in the story. The immune sys- 
tem originates from hematopoietic stem 
cells (HSCs). Before receiving a transplant, 
patients with autoimmune diseases receive 
“conditioning” chemotherapy or radia- 
tion that destroys lymphocytes, inducing an 
immediate immune cease-fire. Subsequently, 
HSCs are infused to regenerate a new self- 
tolerant immune system. Sullivan and Nash 
advocate conditioning regimens with high 
doses of radiation. These extreme regimens 
cause irreversible bone marrow failure, thus 
requiring mandatory HSC reinfusion. The 
rationale for this high-dose strategy is that 
maximal ablation of the immune system 
will translate into longer and more durable 
disease remission. In contrast, we advocate 
less extreme regimens of chemotherapy, 
which can halt inflammation without alter- 
ing the bone marrow’s ability to recover. 
The News Focus article also comments on 
the risk of infertility when patients are pre- 
treated with chemotherapy. We emphasize 
that the risk of infertility is higher for the 
more extreme regimens. 


14 MAY 2010 


825 


Downloaded from www.sciencemag.org on May 13, 2010 


826 


Let teks 


Finally, although the News Focus story 
comments on problems obtaining insur- 
ance approval in the United States, medical 
funding is a worldwide issue, including in 
countries with government-funded health 
services. In addition to patient safety ben- 
efits, less toxic regimens also cost any health 
care system less money, because patients are 
less likely to suffer complications such as 
secondary cancers. 
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CORRECTIONS AND CLARIFICATIONS 


Letters: “Climate change and the integrity of science” by P. H. Gleick et al. (7 May, p. 689). Due to an editorial error, the origi- 


nal image was not a photograph but a collage. It was a mistake to have used it. The image (link available at www.sciencemag. 
org/cgi/content/full328/5979/689/DC2) has been replaced in the HTML version and in the online PDF by an unaltered photo- 
graph from National Geographic (CREDIT: Paul Nicklen/National Geographic/Getty Images) of two polar bears on an ice floe. 


News Focus: “Meeting briefs: The ins and outs of HIV" by J. Cohen (5 March, p. 1196). The earliest report of HIV predominantly 
entering cells through endocytosis appeared in C. D. Pauza, T. 


Letters to the Editor 


M. Price, J. Cell Biol. 107, 959 (1988). 


Letters (~300 words) discuss material published in Science in the previous 3 months or issues of general 
interest. They can be submitted through the Web (www.submit2science.org) or by regular mail (1200 New 
York Ave., NW, Washington, DC 20005, USA). Letters are not acknowledged upon receipt, nor are authors 
generally consulted before publication. Whether published in full or in part, letters are subject to editing 
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ENVIRONMENTAL HISTORY 


Dam Controversy 


Bill Luckin 


he English Lake District holds a cher- 
ished place in the affections of huge 
numbers of national and international 
visitors. As much a cultural and literary con- 
struct as a pocket-sized region of unparalleled 
natural beauty, it epitomizes what is thought 
to comprise the unchanging in 
an ever more technological age. 
All the more so for northwestern 
Britons. The Lakes are located 
within an hour and a half’s drive 
from the cradle of mercantile and 
industrial capitalism, centered on 
the great cities of Liverpool and 
Manchester, and the cluster of 
large and medium-size satellite 
communities that have rendered the region 
the most densely populated and motorway- 
ridden part of the United Kingdom. Britain, 
and particularly England—and even more so 
what Victorians christened the “new indus- 
trial districts” —have had good reason to pro- 
tect indisputably nonurban space. 

The alternative might have been an ever- 
expanding factory culture, or, later, as has too 
often been the case, burgeoning suburban fill- 
in between chunks of postindustrial wreck- 
age. In a majority of the key northwestern 
centers themselves, the contemporary tasks 
of regeneration and greening have not been 
fully confronted. The Lake District, north 
Wales, and the Yorkshire Dales offer sanctu- 
ary. But too little attention has been given to 
large-scale investment in the public sphere 
and the regeneration of postin- 
dustrial communities that repro- 
duce social, economic, and cul- 
tural inequality. As Bill Bryson 
memorably and glumly reported, 
“T arrived in Liverpool and they 
were having a litter festival” (/). 
Much remains to be done, but 
under the newly elected govern- 
ment, the watchword will be a 
reduction in public expenditure. 
The future looks unpromising. 

Problems were different 150 
years ago, although then, as now, 
complex variants of the town- 
country issue loomed large. 
These form one of the threads of 
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The Dawn of Green 
Manchester, Thirlmere, and 
Modern Environmentalism 
by Harriet Ritvo 


University of Chicago Press, 
Chicago, 2009. 245 pp., $26, £18. 
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Harriet Ritvo’s The Dawn of Green, a pene- 
trating microstudy that mixes environmental, 
scientific, urban, and political history. Ritvo 
(a historian at the Massachusetts Institute of 
Technology) chronicles water-starved, late- 
19th-century Manchester’s determination to 
convert tiny Thirlmere— 
north of imposing Win- 
dermere, south of glori- 
ously mysterious Der- 
wentwater—into the 
world’s largest reservoir. 
In the massive “shock 
city” of early industrial- 
ism itself, urgent action 
was pondered and plan- 
ned by aprogressive, though financially canny, 
council; a long-serving and dynamic town 
clerk; a clear-sighted Waterworks Commit- 
tee; and a nationally eminent though contro- 
versial engineer, John Bateman. Not surpris- 
ingly, environmentally motivated opponents 
of the scheme were inspired by the spirit of 
William Wordsworth. Would-be revolution- 
ary turned intensely conservative poet laure- 
ate, Wordsworth had protested the incursion 
of the railway into the sleepy market town of 
Keswick. Drunken day-trippers, he claimed, 
would devastate lake, fell, and forest. They 
should stay at home, sustain their own com- 
munities, and devote sparse spare time to 
self-education and moral improvement. The 
great poet and his bohemian-aesthete friends 
and relations—an in-turned and sexually and 


Dammed waters. Photochrom print of Helvellyn and Thirlmere, Lake District, from 
the 1890s. 
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morally troubled lot—played a key role in 
inventing the exclusive and excluding idea of 
elite landscape heritage in the Lakes. 

Heaven knows what they would have made 
of the conversion of rugged little Thirlmere 
into a low-walled and mock-castellated 
memorial to Manchester’s unstoppable indus- 
trial development and (even more galling to 
the city’s urban rivals, who believed they too 
had a claim on Lakeland water) overween- 
ing sense of civic self-importance. Protest- 
ers believed (although this may have been a 
rural legend) that in a solemn act of nature- 
affirming romantic togetherness, Wordsworth 
and his group had carved their names on a 
rock near the south end of Thirlmere itself. 

“Philistine” and utilitarian Manchester 
wasn’t to be outdone. After the laying of the 
foundation stone for the reservoir’s embank- 
ment in 1890, the mayor, the Waterworks 
Committee, and all other members of the 
council commemorated themselves with a 
notice board stylistically identical to those 
that warned Victorians what they could and 
couldn’t do in public parks. (Ritvo’s photo- 
graph of this plaque conveys the curious dead- 
ness of Thirlmere compared with the magical 
aliveness of the smaller, wilder Lakes.) 

The opposition had been divided. Words- 
worth’s successors, notably the aging Thomas 
Carlyle and the splenetic and at times half- 
mad John Ruskin, railed against the project, 
but in a style that indicated they had failed 
to understand the main points at issue. Land- 
owners took a different line and held out for 
the highest price per acre that Manchester 
could be persuaded to pay. Naturalists wor- 
ried about the fate of trout, grayling, pike, 
and char. But cash-strapped baronets, embar- 
rassed by regional depression during the final 
30 years of the 19th cen- 
tury, bowed to the inevi- 
table (although, again, at 
a more than acceptable 
price). Farmers haggled 
over rights of way, then 
gave in when the money 
was right. The motley 
Thirlmere Defence Asso- 
ciation lacked the sin- 
gularity of purpose and 
activist energy that sty- 
mies or gains invaluable 
concessions from pow- 
erful public authorities 
when major and socially 
destabilizing utility, hous- 
ing, or industrial projects 
come on line. 

“The dawn of green 
environmentalism”? In 
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one sense, yes. The affluent and socially pow- 
erful did very nicely, thank you. Idealistic 
protectors of “nature,” heritage, and the sta- 
tus quo made little impact. By the later 20th 
century, Lakeland would be confronted by an 
altogether more serious problem: how could 
this pocket-sized paradise survive incessant 
tourist overkill? Perhaps Wordsworth hadn’t 
been entirely wrong about Keswick. 


References 
1. B. Bryson, Notes from a Small Island (Doubleday, 
London, 1995). 


10.1126/science.1189236 


ENERGY RESOURCES 


Oil Peak or Panic? 


David Lloyd Greene 


eak oil, a serious issue, is not about 
Pisin out of oil. It is about rates: 
the rates of oil discovery and produc- 
tion, the rate at which demand grows, and the 
rate of technological change. The oil peakers’ 
contribution to understanding the world oil 
situation can be summed up as follows: rates 
matter as much or more than quantities, and 
geology matters as much or more than eco- 
nomics and technology. It is easy to caricature 
the oil peakers’ assessment 
as a mechanistic calcula- 
tion about using up a fixed 
resource. It is also easy 
to caricature their oppo- 
nents’ view as blind faith 
that markets and technol- 
ogy will overcome all prob- 
lems. One of the things that 
makes Steven Gorelick’s Oil 
Panic and the Global Crisis well worth read- 
ing is that he does neither. It is a book seri- 
ous students of the world oil market should 
read, not because Gorelick has all the answers 
but because his account is well reasoned, well 
informed, and argued honestly, with respect 
for responsible opposing viewpoints. 
Proponents of peak oil are sometimes 
referred to as “pessimists,” other times as 
“geologists.” Opponents are often called 
“optimists” or “economists.” Gorelick (a 
hydrogeologist at Stanford University) is 
clearly in the optimists’ camp, but not entirely. 
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To keep the oil flowing. Floating rigs allow drilling and 


production in deeper waters. 


This can be inferred by examining the table of 
contents: He devotes 26 pages to “The His- 
torical Resource Depletion Debate,” whereas 
he gives 107 pages to “Counter-Arguments 
to Imminent Global Oil Depletion.” In the 
latter chapter, he provides ample historical 
evidence that despite the finiteness of global 
mineral resources, they tend either to become 
less scarce over time or to become obsolete. 
Declining rates of new oil discovery have 
been offset by an increasing ability to find 
more oil in existing reservoirs and to recover 
a greater fraction of the oil in place. 

The vast majority ofthe counter-arguments 
countering oil peaking are well supported. 
But in my opinion, Gorelick is too dismis- 
sive of M. King Hubbert’s 
achievement. He character- 
izes as “not very accurate” 
Hubbert’s 1956 prediction 
of a 1965 peak in oil pro- 
duction in the coterminous 
United States because the 
peak did not occur until 
1970. In 1956, U.S. oil pro- 
duction had been on a gen- 
erally increasing path for over half a century. 
Given this trend, Hubbert’s prediction has to 
be judged substantially correct (which is not 
the case for his prediction of a global peak). 
It remains essentially correct despite the fact 
that his estimate of the total resource endow- 
ment was low, despite dramatic progress in 
the technology of finding and producing oil, 
despite far higher oil prices, and despite the 
discoveries of important new oil fields. Per- 
haps the prediction was a lucky guess, but I 
think there’s more than luck involved. It just 
isn’t feasible to continue increasing the rate at 
which conventional oil is produced until the 
last drop is pumped. Therefore, there must be 
a turning point. 

But what is oil anyway? And what is 
a resource? Not surprisingly, much of the 


argument over oil depletion is 
a result of how these terms are 
defined. Oil peakers focus on 
conventional oil. But, as Gore- 
lick points out, there are rela- 
tively large quantities of uncon- 
ventional fossil resources that 
can be converted to liquid hydro- 
carbon fuels at costs the world’s 
economy has demonstrated that 
it is willing to pay. Some of the 
costs cited in the book are overly 
optimistic: for example, petro- 
leum from USS. oil shale at $22 
to $38 per barrel. Yet, the point 
is correct and well substantiated. 
Nonetheless, expanding uncon- 
ventional oil production won’t be easy and is 
probably undesirable. Energy companies find 
the development of unconventional resources 
arisky proposition for three reasons: high cap- 
ital investment requirements, higher green- 
house gas emissions than conventional petro- 
leum, and uncertainty about future oil prices. 
At what rate could or should the world expand 
production from unconventional sources? 

Gorelick points out that oil production 
has already peaked in many regions of the 
world: “The USS. is the largest oil-producing 
nation that has experienced peak oil produc- 
tion, but other countries have also followed 
a pattern of decline.... British Petroleum 
reports that there are at least 25 countries 
producing oil below their peak values by 20 
percent or more.” 

Given this, it is disappointing that the 
book does not explore in greater detail the 
implications for world oil supply of the grow- 
ing number of declining regions. The Inter- 
national Energy Agency has studied this sub- 
ject in depth and predicted not a peak but a 
plateau in non—Organization of the Petro- 
leum Exporting Countries (OPEC) produc- 
tion, right about now. Not very different pro- 
jections have been produced by ExxonMobil. 
A plateau in non-OPEC production implies 
increasing dependence on OPEC, a massive 
transition to high-carbon unconventional fos- 
sil resources, higher and more volatile oil 
prices, a transition to electricity or hydrogen 
guided by public policy, or a combination of 
the above. The timing, extent, and intensity of 
oil peaking will probably strongly influence 
whether the transitions are relatively easy or 
painful. Oil Panic demonstrates convincingly 
that in the long run there will be more oil and 
replacements for oil. But as John Maynard 
Keynes observed, “In the long run, we are all 
dead.” The transition from oil matters, and we 
need to understand it better. 
10.1126/science.1189537 
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RESEARCH ETHICS 


Beyond Access vs. Protection 
in Trials of Innovative Therapies 


Alex John London, ' Jonathan Kimmelman, 7* Marina Elena Emborg? 


ver the past decade, researchers have 

initiated innovative, early-phase, 

clinical trials, including the first-ever 
testing in humans of cell therapies for myo- 
cardial infarction (/), as well as transplanta- 
tion of embryo-derived tissues for spinal cord 
repair (2). The next decade promises more 
initiatives involving first-in-human trials of 
innovative therapeutic strategies (3). 

Such studies frequently inspire ethical 
debates that revolve around the rights and 
welfare of research participants. However, 
neither “protection” nor “access” (discussed 
below) adequately addresses issues relating to 
the methodological quality of preclinical (i.e., 
nonhuman) studies, the design and review of 
early-phase clinical studies, and the continu- 
ity between preclinical studies and first-in- 
human trials. These issues bear crucially on 
the value of a translational trial as a critical 
stage in a larger, collaborative endeavor with 
a unique social mission: transforming hard- 
won advances in basic science into practical 
applications that improve care at the bedside. 
Before the welfare and autonomy of partici- 
pants comes into view, issues relating to the 
ability of science to fulfill this social mis- 
sion—what we hereafter refer to as the integ- 
rity of the scientific enterprise—must be ade- 
quately addressed. 


Protection and Access 

The autonomy and welfare of study partici- 
pants is, and ought to remain, a central con- 
cern for research ethics. Scientists and review- 
ers charged with protecting subjects dwell on 
uncertainties and risk. They urge cautious 
study designs and extended preclinical test- 
ing, often warning that volunteer patients 
who have exhausted standard care options are 
prone to overestimating therapeutic benefit 
(“protection”) (4). However, patient advo- 
cates and clinical investigators often argue 
that requests for additional preclinical stud- 
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ies—which, if conducted, delay 
translational trials (small trials of 
therapies emerging from labora- 
tory studies)—do not advance the 
interests of people with untreat- 
able diseases (“access”) (5). If we 
respect people by allowing them 
to choose in accordance with their 
values and to shepherd their inter- 
ests as they see fit, then preventing 
patients from pursuing what they 
may regard as their best therapeutic 
option disadvantages participants 
and slows scientific progress. 
However, exclusive focus on 
personal interests of subjects fails 
to assign proper weight to a range 
of ethical issues that arise in clini- 
cal research. Medical research is primarily 
directed toward producing a common, rather 
than a private, good: It serves an inherently 
social purpose of generating knowledge req- 
uisite for institutions to better address unmet 
health needs of community members (6). It 
is also a deeply social activity (7) in that new 
knowledge and interventions are produced 
from a long chain of investigations, each 
building on the last. Yet each link in this chain 
is also a discrete interaction between specific 
stakeholders with their own individual inter- 
ests (see figure, above). Because uncoordi- 
nated activities of individuals pursuing per- 
sonal interests can have deleterious effects on 
attainment and preservation of social goods, 
research ethics must place more emphasis on 
norms that preserve relationships and institu- 
tions necessary to sustain this social good. 


Individual Transactions and Social Goods 

Although individual trials, each a transac- 
tion between investigators and trial partici- 
pants, are regulated by ethics committees and 
drug regulatory authorities, there are at least 
three ways they can inadvertently undermine 
forms of broader, longer-term collaboration 
that sustain the production of socially valu- 
able medical knowledge. First, studies can 
misallocate resources. Practically every clini- 
cal trial makes demands on social and mate- 
rial resources beyond those provided by study 
sponsors, investigators, and human subjects. 
For example, clinical trials deplete the pool of 
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Review of first-in-human trials should 
safeguard the integrity of the scientific 
enterprise through a focus on preclinical 
and clinical study quality. 


Continuity and quality. Innovative clinical research requires 
the sustained cooperation of diverse stakeholders, including 
patients and physician-researchers (as seen here), as well as 
scientists, sponsors, and institutions. 


eligible volunteers for other meritorious tri- 
als. About 20% of trials initiated in National 
Cancer Institute (NCI)—designated Compre- 
hensive Cancer Centers fail to accrue a sin- 
gle study volunteer (8), and fewer than 60% 
of NCI-funded clinical trials are able to meet 
minimal recruitment goals (9). Also, many 
early-phase trials are pursued at research 
centers that are heavily subsidized by public 
funding agencies and private philanthropies, 
and their management and oversight draw 
heavily on limited administrative resources. 
Poorly justified trials may also compete with 
better ones for highly specialized expertise 
and equipment. Finally, because they gener- 
ally do not indemnify patients in the event of 
trial-related injuries, studies exact demands 
on third-party payers. The determination of 
whether a research protocol has sufficient 
prospect of returning social value to warrant 
such use of human and material resources has 
to be made in light of factors beyond the per- 
sonal interests of researchers and potential 
trial participants (10). 

Second, adversities encountered in iso- 
lated trials can have cascading effects, under- 
mining institutional and social supports 
for new initiatives. Research programs are 
joined or abandoned on the basis of perceived 
beliefs of others (//). Unsuccessful or poorly 
conceived trials can dampen interest in prom- 
ising therapies. Repeated failures can dimin- 
ish the standing of a research program, inter- 
rupting recruitment of talent, investment, and 
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institutional support. Major adverse events 
can undermine support for an entire field. For 
example, the unexpected death of a volunteer 
in a gene-transfer study seriously eroded con- 
fidence in the field’s ability to self-regulate; 
many suggest that this led to a withdrawal of 
investment and institutional support (/2—/4). 

Third, oversight or review procedures that 
allow the preferences of researchers and par- 
ticipants to dominate the design and conduct 
of translational trials can create incentives that 
reward low-quality trials and penalize well- 
designed protocols. For example, deficien- 
cies in a trial that affect the value of the infor- 
mation it generates may not discourage fully 
informed volunteer patients having few other 
care options. However, clinical trial protocols 
are examples of what economists call “‘cre- 
dence goods”: Products whose quality is dif- 
ficult to judge by consumers. Unless well-reg- 
ulated, markets for credence goods are prone 
to low-quality products, because consum- 
ers lack the capacity to reward producers of 
high-quality products and to punish producers 
of mediocre ones (/5, /6). Oversight struc- 
tures that establish baseline quality for trans- 
lational trials ensure that participants, physi- 
cians, researchers, and investors can pursue 
their individual interests without compromis- 
ing the social mission of the research enter- 
prise. Volunteer subjects can be confident that 
the trial is based on promising, well-designed 
protocols; all other stakeholders have greater 
assurance that the program represents an effi- 
cient means of producing a social good. 


The Need for Quality Preclinical Data 
Elsewhere, we have argued that rigorously 
designed preclinical studies greatly enhance 
the interpretability of translational trials (e.g., 
because they enable researchers to trouble- 
shoot interventions when clinical outcomes 
are discordant with those in animal models) 
(13, 17). But there is a growing literature doc- 
umenting quality deficiencies in preclinical 
research used to support phase | trials (/8). 
In contrast with clinical research, preclini- 
cal research has only sporadically taken up 
measures to control bias, including a priori 
statement of hypothesis, random treatment 
allocation, blinded outcome assessment, and 
accounting for missing data (19, 20). The pre- 
clinical literature shows evidence of publica- 
tion bias (/9, 2/), and not infrequently, first- 
in-human trials are initiated before preclinical 
studies have been subjected to peer review. 
Even when preclinical studies are rigorously 
designed and executed, first-in-human clini- 
cal studies may deviate in significant ways 
from the methods or procedures evaluated in 
preclinical studies. 


Safeguarding the integrity of the scientific 
enterprise by ensuring that decisions about 
clinical trials are based on high-quality pre- 
clinical information thus entails resolving four 
key questions at the inception ofa translational 
trial. First, do preclinical experiments provide 
acredible measure of effect? Are studies inter- 
nally valid and have they been replicated inde- 
pendently? Second, do preclinical studies have 
reasonable external validity? Have investiga- 
tors demonstrated that their preclinical find- 
ings are robust and generalizable and that 
their choice of animal models and outcome 
measures are justified? Third, to what extent 
have researchers justified the assumption that 
observations in a preclinical system will be 
reproduced in human patients? Have they pre- 
sented data showing that causal preconditions 
of effect in animals are also present in human 
beings, and have they made a thorough search 
of the evidence? Last, when all the previous 
issues are addressed, do conditions used in 
preclinical studies correspond with those in a 
proposed human trial? Are delivery strategies, 
targets, doses, and materials in the human 
study identical or substantially equivalent to 
those validated in animals? 


Ensuring the Integrity of the Enterprise 
The primary responsibility for address- 
ing these questions lies with preclinical and 
clinical investigators pursuing translational 
research. These questions should also be a 
focus of the various levels of ethical and sci- 
entific review that occur at each stage of the 
translational research process. This includes 
oversight by an Institutional Review Board 
(IRB) and committees that provide centralized 
review of protocols, such as the Recombinant 
DNA Advisory Committee and Data Moni- 
toring Committees. These questions may also 
help to sensitize sponsors of translational tri- 
als to the ethical aspects of basic and preclini- 
cal research, not only when evaluating fund- 
ing requests, but in ensuring that sufficient 
resources are in place to address them. Finally, 
these issues should be central in peer review 
and editorial scrutiny of translational studies. 
IRBs may be reluctant to address these 
questions because such methodological 
issues may seem beyond their purview. But 
the primary value of first-in-human trials 
lies in the information they are expected 
to generate. IRBs must evaluate the quality 
of that information and its potential social 
value as part of the process of ensuring that 
risks are reasonable. It might be objected 
that these concerns run afoul of the state- 
ment in U.S. federal regulations that IRBs 
“should not consider possible long-range 
effects of applying knowledge gained in the 


research (for example, the possible effects 
of the research on public policy)” (22). But 
this is meant to prevent scientifically valu- 
able research from being stifled because 
of how sensitive or controversial findings 
might be used at a social level. It does not 
prohibit IRBs from scrutinizing the quality 
of the science that is likely to emerge from 
an investigation. 

The dichotomy of subject protection ver- 
sus access is insufficiently sensitive to ways 
in which clinical trials contribute to, and 
depend crucially upon, the quality of other 
scientific investigations. This is most viv- 
idly illustrated by first-in-human trials that 
involve members of a disease population. 
However, such issues arise in any form of 
research that draws heavily on sustained col- 
laboration and coordination across time of 
diverse stakeholders. A focus on the integ- 
rity of the research enterprise draws atten- 
tion to methodological and social require- 
ments that medical science must satisfy if 
it is to maintain the support of those whose 
cooperation makes it possible and whose 
interests it is supposed to serve. 
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BIOCHEMISTRY 


Assembling the Outer Membrane 


David A. Stroud, Chris Meisinger, Nikolaus Pfanner, Nils Wiedemann 


ransmembrane proteins with B-barrel 
| structure are characteristic of the outer 
membranes of Gram-negative bacteria, 
mitochondria, and chloroplasts (/). B-Barrel 
membrane proteins typically include a cen- 
tral pore that is lined by multiple antiparallel B 
strands. The functions of these proteins range 
from protein transport to metabolite flux. On 
page 890 of this issue, Hagan et al. (2) report a 
major step toward a molecular understanding 
of B-barrel membrane insertion and folding. 

The machineries that mediate insertion 
and assembly of f-barrel proteins into the 
outer membrane are termed B-barrel assem- 
bly machinery (BAM) in bacteria (3, 4) and 
sorting and assembly machinery (SAM) in 
mitochondria (5—7). Most BAM and SAM 
components are not related to each other, but 
the central component (BamA and Sam50, 
respectively) has been conserved from bac- 
teria to mitochondria. By reconstituting the 
Escherichia coli BAM complex in vitro, 
Hagan et al. now show that this sophisticated 
machine functions without an external sup- 
ply of energy. 

The central component of the bacterial 
machinery for B-barrel assembly is the trans- 
membrane protein BamA (3). Four acces- 
sory lipoproteins exposed to the periplasm 
(BamB, BamC, BamD, and BamE) are asso- 
ciated with BamA, forming the BAM com- 
plex (see the figure, panel A) (2, 4). The pre- 
cursors of outer-membrane f-barrel proteins 
are synthesized in the bacterial cytoplasm. 
The unfolded precursor proteins are recog- 
nized and translocated across the inner mem- 
brane by the Sec translocase. On arrival in 
the periplasm and proteolytic removal of the 
amino-terminal signal sequence, B-barrel 
precursors are protected from aggregation 
and misfolding by soluble chaperones (SurA, 
Skp, and DegP). These chaperones function 
in two discrete pathways, one involving SurA, 
the other Skp and DegP, but SurA alone deliv- 
ers most of the substrates to the BAM in the 
outer membrane (8). 

A key step for the mechanistic analy- 
sis of a complex biochemical process is the 
establishment of an in vitro system that dis- 
sects the process into distinct stages. B-Barrel 
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Outer-membrane biogenesis. The BAM complex in Gram-negative bacteria and the SAM complex in mito- 
chondria catalyze the folding and membrane insertion of outer-membrane B-barrel proteins. (A) In bacteria, 
precursor proteins with an amino-terminal signal sequence are transported across the inner membrane by 
the Sec translocase. Periplasmic chaperones (SurA) maintain solubility and prevent aggregation of the pre- 
cursor proteins. Targeting to the BAM complex is achieved by the B signal. (B) In mitochondria, precusor pro- 
teins synthesized in the cytosol are translocated across the outer membrane by the TOM complex (the nature 
of the TOM signal is so far unknown). Small TIM chaperones guide the precusors to the SAM complex, where 


they are recognized via the B signal. 


transport and assembly have been studied in 
isolated mitochondria (5, 7, 9-1), but bac- 
terial B-barrel assembly has been analyzed 
in vivo (3, 4, 8). Hagan et al. have not only 
set up an in vitro assembly system, but they 
also defined the minimal system required for 
B-barrel assembly. The authors first expressed 
BamAB and BamCDE subcomplexes in E. 
coli cells, then reconstructed the full BAM 
complex in vitro and incorporated it into arti- 
ficial lipid vesicles (liposomes). To monitor 
B-barrel assembly, the authors used the pre- 
cursor of an outer-membrane protease as 
substrate. Before incubation with liposomes 
containing the reconstituted BAM complex, 
a preincubation step between the unfolded 
precursor protein and the periplasmic chaper- 
one SurA was required. Membrane insertion 
and folding of the substrate protein did not 
require an added external energy source. 
Does the reconstitution of the bacterial 
machinery help in understanding the assem- 
bly machineries for B-barrel proteins of mito- 
chondria and chloroplasts? In comparison to 
the bacterial system, the eukaryotic precur- 
sor proteins are synthesized on the opposite 
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side of the outer membrane (5—7, 9/2). The 
precursors are first translocated across the 
mitochondrial outer membrane by the TOM 
complex (see the figure, panel B). In the inter- 
membrane space that corresponds to the bac- 
terial periplasm, they are bound by chaperone 
complexes formed by small TIM proteins (6). 
The topological position of the bound precur- 
sor proteins is similar to that in bacteria and 
the proteins can access the conserved core 
of the assembly machinery, Sam50, from 
the same side of the membrane as that from 
which BamA is accessed in bacteria. The 
further subunits of the SAM and BAM com- 
plexes are not related to each other, but the 
basic mechanism of membrane insertion is 
conserved, given that at least some bacterial 
B-barrel proteins can be handled by the mito- 
chondrial machinery (/3). The identification 
of the sorting signals that direct membrane 
insertion of mitochondrial and bacterial pre- 
cursors through SAM and BAM supports a 
related assembly mechanism (see the figure) 
(9, 14). 

The reconstituted system established by 
Hagan et al. will be invaluable for defining the 
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molecular functions of individual components 
of the assembly machinery. So far, three major 
mechanisms have been proposed for insertion 
of the B-barrel precursors into the outer mem- 
brane. BamA and Sam50, which are B-barrel 
proteins themselves, form channels (9, /4), 
but it is not yet clear whether the precursors 
are inserted into a pore formed within a mono- 
mer or whether oligomeric forms of BamA 
and Sam50 form a channel. A third possibility 
is that the precursor proteins are not inserted 
into the outer membrane via a protein chan- 
nel, but that BAM/SAM function as a scaffold 
that facilitates insertion of B-barrel proteins at 
the protein-lipid interface. 

What are the functions of the further com- 
ponents of the B-barrel assembly pathway? 
When Hagan et al. altered the composition 
of the accessory lipoproteins in their recon- 
stituted system; they found that most sub- 
complexes were unstable. The stability of two 
subcomplexes—BamAB and BamACDE— 
was similar to that of the full BAM complex, 
but they had low activity in B-barrel assembly 
upon reconstitution into liposomes. Thus, all 
four accessory lipoproteins are required for 
full activity of the BAM complex. The results 
of Hagan et al. further suggest that multiple 


copies of SurA bind to a precursor protein and 
that the chaperone-precursor complex directly 
delivers the B-barrel polypeptides to the outer- 
membrane assembly machinery in a folding- 
competent state (8). The authors found no evi- 
dence for an external energy source driving 
precursor transfer and insertion into the outer 
membrane. The transport pathway may be 
driven by the free energy released during fold- 
ing and insertion of the B barrels into the lipid 
phase of the outer membrane. 

The core processes of B-barrel biogenesis 
have been conserved during evolution (/), but 
the machineries acquired further functions. 
The mitochondrial SAM complex is not only 
required for the biogenesis of B-barrel pro- 
teins, but is also a dynamic platform for the 
assembly of o-helical proteins of the outer 
membrane. Several forms of the SAM com- 
plex, differing in subunit composition, serve 
distinct functions in the biogenesis of differ- 
ent classes of precursor proteins (/2). The 
SAM complex is associated with a multifunc- 
tional organizing center that is involved in 
lipid transport, maintenance of mitochondrial 
shape, and the connection of mitochondria 
to the endoplasmic reticulum (/0—/2, 15). 
Future studies will address whether the BAM 


complex is dedicated to B-barrel assembly 
only or whether it may play further roles in 
outer-membrane biogenesis. The reconstruc- 
tion of the BAM complex as a stable, active, 
and homogeneous complex by Hagan ef al. 
will also greatly aid in solving the high-reso- 
lution structure of an outer-membrane assem- 
bly machinery. 
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Are Lizards Toast? 


Raymond B. Huey,' Jonathan B. Losos,? Craig Moritz? 


izards should be relatively invulnera- 
| ble to warming: They are very good at 
evading thermal stress, tolerate high 
body temperatures, and resist water loss. 
Nevertheless, on page 894 of this issue, Sin- 
ervo et al. (1) document extinctions of liz- 
ard populations on five continents and argue 
that global warming is responsible. They use 
a simple biological model, validated against 
observed extinctions, to predict that warm- 
ing will drive almost 40% of all global lizard 
populations extinct by 2080. If their predic- 
tion is even close to correct, lizards may be 
“the new amphibians” (2) in a race toward 
extinction. 

A stark result for a genus of lizards in 
México leads off their paper: 12% of 200 
previously validated Sceloporus populations 
(all with intact habitats) went extinct in recent 
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decades. Moreover, extinction probability was 
correlated with magnitude of warming at that 
site in spring, but not in other seasons. This 
correlation suggests that extinction is driven 
by energetic shortfalls during spring (when 
reproductive energy demands are highest), 
rather than by summer heat stress. Lizard nat- 
ural history is instructive here: On hot days, 
lizards seek cooler refuges, such as burrows. 
With warming, lizards will spend longer peri- 
ods in refuges, reducing foraging time, such 
that net energy gain becomes insufficient for 
reproduction; extinction ensues. 

To test this mechanistic hypothesis, Sin- 
ervo et al. examined four S. serrifer popula- 
tions, two of which have recently gone extinct 
(see the first figure). Using field estimates of 
maximum available body temperatures of liz- 
ards (operative temperatures) at these sites 
in spring and of body temperatures accept- 
able for activity, they predicted the number 
of hours per day that operative temperatures 
exceeded a lizard’s thermal preferences, thus 
forcing retreat (see the second figure). At sites 


Warming is held responsible for a rash of 
extinctions of global lizard populations. 


where the lizards are now extinct, predicted 
time restrictions exceeded 3.85 hours; but at 
sites where lizards persist, predicted restric- 
tions were shorter. Sinervo ef al. then used 
air temperature data from weather stations 
to estimate time restrictions at all Méxican 
sites. Sceloporus populations with predicted 
restrictions above 3.85 hours in spring had 
higher extinction rates than did populations 
with shorter restrictions. 

To predict future extinctions, Sinervo et 
al. applied their history-validated approach to 
current and future warming scenarios across 
the globe, using 1216 lizard populations on 
four continents. First, by resurveying known 
lizard populations and conducting literature 
surveys, they detected many extinctions; for 
example, 21% of Madagascar lizard popu- 
lations in nature reserves have gone extinct. 
Estimated activity-time restrictions (with crit- 
ical thresholds tuned to the thermal biology 
of each lizard family) effectively predicted 
populations that had gone extinct. Based on 
these data, the authors estimate that by 2080, 
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39% of all lizard populations and 20% of all 
lizard species will be extinct. 

These observations and projections are dis- 
turbing, and concordance between predicted 
and observed extinctions on different conti- 
nents suggests that they should be taken seri- 
ously. Other studies also warn that reptiles are 
vulnerable to warming (3—5). Even so, cau- 
tious skepticism is prudent, and some aspects 
of the study warrant further investigation. 

How strong is the evidence of local extinc- 
tions? Lizard populations rise and fall over 
time, and failure to detect individuals during 
short surveys may indicate transient rarity 
rather than extinction. The conspicuousness 
of Sceloporus and other highlighted species 
argues against such “pseudo-extinction,” but 
only follow-up surveys can resolve whether 
these are true local extinctions. 

How strong are the analytical approaches? 
The global scale of this study demanded 
methodological compromises, but more 
robust ecophysiological approaches are 
available (5—7). The prediction of widespread 
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Operative temperature 
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several warmed sites in México. 


extinctions should encour- 
age studies using more com- 
plex biophysical, energetic, 
and demographic models. 

How reasonable is the 
assumption that warming 
causes extinction through 
energetic shortfalls during 
the reproductive period? 
This proposition is sup- 
ported by independent stud- 
ies (6, 8). For example, 
Dunham’s individual-based 
model for Sceloporus mer- 
riami in Texas predicted 
that even a 2°C increase in air temperature 
will severely restrict activity time, reducing 
energy gain and rates of population growth, 
and thus precipitate extinction (6). 

Might lizards be able to escape this toaster 
oven? Rapid genetic responses to climate 
warming have been documented in insects 
(9), but seem less likely in organisms like liz- 
ards with longer generation times (/0). Using 
genetic models, Sinervo et al. conclude that 
genetic adaptation is not feasible. Some 
species may evade extinction by retreating 
uphill or to higher latitudes, where opera- 
tive temperatures are lower (J/, 12). How- 
ever, human-induced habitat fragmentation 
may block such moves, and montane species 
may eventually run out of space (/). More- 
over, observed extinctions of several mon- 
tane Sceloporus populations appear related 
to increased interspecific competition from 
upward movements of lowland species (/). 

Lizards are remarkably diverse in geogra- 
phy, physiology, behavior, and habitat (/3). 
Are Méxican Sceloporus reliable models for 
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Time is of the essence. Warming will shorten activity times of lizards, potentially reducing energy gains 
below levels required for reproduction and thus causing extinction. (A) Maximum (red lines) and minimum 
(blue lines) operative temperatures of lizards during a spring day before global warming. Lizards are active 
whenever the operative temperatures are within an acceptable range (gray fill). (B) Operative temperatures 


rise after warming, shortening lizard activity time. 
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No escape from warming. The lizard Sceloporus serrifer has gone locally extinct at 


lizards? We think that they are: Most lizards 
are also diurnal, thermoregulate carefully, 
and are active at high body temperatures, 
and most lineages show limited variation in 
thermal physiology between species. How- 
ever, tropical forest lizards are different (4), 
because they do not thermoregulate carefully 
and are active at low body temperatures; and 
some lineages—most famously Anolis liz- 
ards (/4)—show marked variation in thermal 
physiology between species. Whether they 
have the genetic capacity to outrun global 
warming (/0) remains to be evaluated, but 
biophysical and physiological data suggest 
that even these species are at risk (4). 

Global warming is expected to drive 
widespread extinctions, but predictions are 
rarely validated against actual extinctions 
and by knowledge of causal mechanisms 
(15). Sinervo et al. deliver a disturbing mes- 
sage: Climate-forced extinctions are not only 
in the future but are happening now. More- 
over, the authors provide an effective frame- 
work for exploring organismal susceptibility 
to climate change. The steps involve docu- 
menting extinctions, evaluating underlying 
biophysical and eco-physiological mecha- 
nisms, considering the potential for adaptive 
evasion, and then building projection models 
based explicitly on established mechanisms. 
This should be the logical framework even 
as more complex and sophisticated method- 
ologies are applied. 
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MOLECULAR BIOLOGY 


Small RNA Makes Its Move 


Rob Martienssen 


when a plant virus infects a leaf, mobile 

signals are transmitted through vessels 
in the stem to other leaves to confer resis- 
tance to subsequent infection. More recently, 
the silencing of exogenous transgenes has 
been shown to involve a mobile signal (/). 
Although RNA molecules have been impli- 
cated in systemic plant cell-to-cell communi- 
cation, the nature of mobile RNA that silences 
gene expression has not been clear (2). Now, 
four studies—including those by Molnar et al. 
(3) and Dunoyer ef al. (4) on pages 872 and 
912 of this issue—report that small interfering 
RNA (siRNA) and microRNA (miRNA) are 
mobile signals that control gene expression 
during plant development. 

Two of the studies examined the genetic 
pathway required for the mobile silencing sig- 
nal by making grafts between wild-type and 
mutant roots and shoots of the model plant 
Arabidopsis thaliana. Molnar et al. used next- 
generation sequencing to detect mobile small 
RNA in grafted roots defective in DCL2, 
DCL3, and DCL4, the Dicer-like enzymes in 
Arabidopsis that cleave long precursor RNA 
into small RNA. Thus, these roots cannot 
generate 22- and 24-nucleotide (nt) siRNA. 
Nonetheless, the roots accumulated these 
forms, indicating siRNA movement from the 
shoot. Small RNA generated from hundreds 
of loci was found in the grafted roots, mostly 
from transposons (DNA sequences that can 
move around the genome). By contrast, in 
another study, Dunoyer ef al. (5) identified 
small RNA in grafted roots that derived from 
inverted repeats in the shoot. 

Dunoyer et al. (4) further show that 21-nt 
siRNA is mobile by introducing small RNA 
directly (by particle bombardment) into Ara- 
bidopsis cells lacking RNA-dependent RNA 
polymerase. They observed the spread of 
targeted gene silencing along with the move- 
ment of labeled small RNA. The authors 
demonstrate that it is the double-stranded 
duplex, rather than the single-stranded 
form, of siRNA that is mobile. Dunoyer et 
al. (5) also report similar results with 24-nt 
siRNA duplexes. 

All 3 classes of siRNA (21, 22, and 24 nt) 
are mobile and use components of both the 


I has been known for almost 100 years that 
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posttranscriptional and the transcriptional 
gene silencing pathways of RNA interfer- 
ence (RNAi) to silence their targets (/). These 
components include the plant-specific RNA 
polymerase Pol IV, two RNA-dependent 
RNA polymerases (RDR2 and RDR6), and 
the chromatin-remodeling protein CLASSY 
(1). The key nucleases required for RNAi— 
Dicer and Argonaute—are encoded by mul- 
tigene families, and act redundantly to some 
extent in generating these mobile small 
RNA types. Dunoyer et al. (5) further dem- 


Shoot meristem 
/ (gene silencing) 


, 


Seedling 


ey, Small RNA 
migration 


Root meristem ~ 
(gene silencing) 


Transcriptional 
silencing 


Methylated 


Mobile small RNA in plants provides cell-to-cell 
communication that affects gene expression 
during development. 


onstrate that 24-nt mobile siRNA generated 
from inverted repeats depends on the expor- 
tin protein HASTY for their transport out of 
the nucleus. Importantly, Molnar et a/. show 
that the targets of mobile siRNA signals are 
methylated by RNAi-dependent DNA meth- 
ylation. This suggests that mobile RNA can 
have long-lasting effects on DNA silencing. 

The rules for selecting which loci in 
the Arabidopsis genome generate mobile 
siRNA are still unclear. Naturally occur- 
ring inverted repeats are a major source of 
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Move to silence. A model for silencing gene expression during plant development involves mobile small RNA 
molecules (siRNA) that move systemically through the plant vascular system, as well as miRNA that may move 
over shorter distances. Small RNA move from source cells (such as in the shoot) into dividing cells in the root 
and shoot meristems where they silence targets, including transposons and genes. 
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mobile siRNA (5), and some of these have 
known silencing functions, such as the phos- 
phoribosylanthranilate isomerase (PAI1-4) 
inverted repeat (3), which silences a func- 
tional copy of the same gene (6). These 
inverted repeats are polymorphic, indicating 
that they arise and disappear rapidly during 
evolution, presumably responding to selec- 
tion for target gene expression. In maize, a 
naturally occurring, polymorphic inverted 
repeat comprises the promoter and part of 
the coding region of the Mutator (Mu) trans- 
poson gene and is expressed in the shoot tip. 
It generates 24- and 25-nt small RNA, which 
are found in the surrounding leaves, sug- 
gesting their mobility (7). Once silenced by 
these small RNA, Mu elements remain silent 
in subsequent generations in the presence of 
RDR2 and Pol IV. 

Endogenous mobile small RNA may be 
generated by many potential cellular sources 
in plants, and act as signals during develop- 
ment of various target cells. For example, 
21-nt trans-acting siRNA (tasiRNA) can 
move across young leaves to reach their tar- 
gets, which are silenced posttranscription- 
ally (/, 4). Carlsbecker et al. now report that 
some 21-nt miRNA generated in root cells are 
mobile within the root, and posttranscription- 
ally silence multiple transcription factor genes 
in adjacent cells (8). These same miRNA 
appear to move in the shoot in the absence of 
the nuclease Argonaute1 (9), consistent with a 
mobile duplex form of small RNA. 

Analogous to the transport of photo- 
synthetic sugars, roots may act as a “sink” 
for mobile small RNA that originate in a 
“source” tissue, such as leaves of the shoot (3, 
5). However, only lateral roots are affected, 
which emerge after silencing is initiated by 
shoot grafting (3). Similarly, when shoots are 
the recipient of silencing signals, only leaves 
that arise after root grafting are affected (2). 
This indicates that gene silencing occurs pre- 
dominantly in undifferentiated stem cells 
(dividing cells in the shoot and root mer- 
istems) that give rise to new organs in plants 
(2). Perhaps this is because RNAi-mediated 
transcriptional silencing is most efficient in 
dividing cells (10). 

Mobile 24-nt siRNA may account for 
some curious properties of transposon silenc- 
ing during plant development. For example, 
silencing of Mu transposons in maize occurs 
in the shoot meristem, giving rise to clonal 
regions in leaves. As the plant matures, the 
number of sectors in each leaf increases 
(1), suggesting that the developmental tran- 
sition between early and late leaves may be 
controlled by a silencing process, and that a 
mobile signal silences stem cells as the mer- 
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istem ages (/2). These cells give rise to flow- 
ers, and so silencing is inherited in the next 
generation (//). 

Flowers are also well-known sink tis- 
sues. Translocation of small RNA into flow- 
ers could affect the inheritance of epigenetic 
alleles. Sperm cells are loaded with mobile 
21-nt transposon-targeting siRNA from 
the surrounding pollen grain, whereas the 
ovule and embryo sac have predominantly 
maternal 24-nt siRNA, which are required 
to silence transposons (/3, /4) and inhibit 
germ cell fate in adjacent cells (73). Those 
small RNA derived from the plant body 
could find their way into ovules and pollen 
grains, which are physiological sinks, just 
like meristems and roots. 

Small RNA silencing in eukaryotes is 
uniquely sensitive to temperature and poten- 
tially other environmental signals (/0), pro- 
viding a potential mechanism for the envi- 
ronment to modify the germ line. The inheri- 
tance of acquired characters was envisioned 
not only by Lamarck, but also by Darwin, 
who proposed the existence of gemmules, 
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somatic particles that entered the germ 
line and contributed such characters to the 
next generation (/5). It remains to be seen 
if mobile small RNA will live up to that 
extraordinary vision. 
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PHYSICS 


Managing Multistate Quantum 


Entanglement 


Christoph Wildfeuer 


A general route for creating entangled states of large numbers of photons may be relevant 
to other applications of interferometry, such as gravity wave detection. 


ood experiments minimally perturb 

the sample under study, but in the 

quantum realm, measurement can- 
not be separated from the system. Before 
the measurement, all possible outcomes 
can form an entangled state; measurement 
then causes this entangled state to collapse 
to one outcome. In 1935, Schrédinger pre- 
sented a thought experiment to show how 
strange this situation really is. A cat is hid- 
den in a box along with a sample of radioac- 
tive nuclei. If a nuclear decay occurs, poison 
is released and the poor cat dies. However, 
until we look in the box, the state of the cat 
entangles both a live and a dead cat. Experi- 
ments with Schrédinger-cat states that entan- 
gle several particles continue to provide deep 
insights into the measurement process. One 
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such state, called a NOON state, entangles a 
fixed number of photons N, all of which are in 
one of two possible states (if these were coins, 
they would be all heads or all tails). On page 
879 of this issue, Afek et al. (1) achieved a 
record by making NOON states in an inter- 
ferometer with five entangled photons. Their 
approach may have implications for other 
implementations of interferometry, such as 
gravity wave detectors. 

The NOON state was first discussed in 
1989 by Sanders, who was particularly inter- 
ested in the Schrédinger-cat aspect and quan- 
tum decoherence—how entangled states decay 
over time (2). These states can be the different 
optical paths, or modes, in an interferometer 
(see the figure). In the NOON state, all of the 
photons are mode a or mode b. However, we 
cannot tell which mode is occupied. In 2000, 
Dowling’s group rediscovered this state in the 
context of quantum imaging, particularly for 
using quantum interference to improve the res- 
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Arms that cradle Schrédinger’s cat. An important goal in quantum mechanics is to create states that entan- 
gle many particles. The NOON state puts several photons all in one of two possible states (in this case, into 
one of two arms of an interferometer: Afek et al. actually use a Mach-Zehnder interferometer, which is math- 
ematically equivalent to the Michelson interferometer displayed here). The states are entangled, so until a 
measurement is performed, we do not know which arm has the photons (the two modes, a and b, correspond 
to the two states, alive or dead, of Schrédinger’s cat). Afek et al. delivered laser light photons into one mode 
of the first beamsplitter, and highly correlated (or squeezed) photons into the other. Their interference cre- 
ated a state that is very close to being a pure NOON state for five photons. 


olution limits in lithography (3). A few experi- 
ments have reported VN = 4 NOON states (4). 
Afek et al. have now pushed the limit to V=5, 
but what is even more remarkable is that their 
generation scheme should be scalable to any 
photon number WN. 

Making a NOON state with 100% fidel- 
ity is quite a cumbersome problem for N 2 3, 
as it requires complicated multistep protocols 
that usually have poor efficiencies. The road 
to success for Afek et al. was to use an experi- 
mental approach that relaxed the requirement 
to make the NOON state exactly, yet retained 
all of its useful properties. The theoretical 
underpinnings of the approach had been pub- 
lished by Hofmann and Ono in 2007 (5). Sta- 
tistical uncertainty in the number of photons 
ina laser pulse causes noise in the signal of an 
interferometer. A quantum mechanical trick 
called squeezing reduces this uncertainty; 
hence, there is less noise in an interferome- 
ter with squeezed light. The photon number 
distribution actually becomes narrower than 
Poissonian (1i.e., sub-Poissonian). 

Squeezed photons can be produced in an 
optical crystal by a technique called paramet- 


ric down-conversion. For instance, a blue pho- 
ton is converted into two red photons, with 
each red photon having just half the energy of 
the original blue photon. The down-converted 
photons appear in pairs and their behavior is 
more highly correlated than that of the ini- 
tial blue photons. In Afek et al.’s approach, 
the coherent photons from a weak laser pulse 
and the squeezed photon pairs combine at a 
beamsplitter, where they can undergo con- 
structive or destructive interference. 

This interference results in a modula- 
tion of the two-photon (or, in general, mul- 
tiphoton) distribution. Constructive interfer- 
ence will lead to photon bunching (the sub- 
Poissonian distribution mentioned above), 
whereas destructive interference will lead 
to photon anti-bunching (wider than Pois- 
sonian, or super-Poissonian). Hence, we 
get a better (sub-Poissonian) measurement, 
but only part of the time, so the Heisenberg 
uncertainty principle still holds (6). A rig- 
orous calculation based on the experimen- 
tal results shows that the superpositions of 
multi—photon number states are very close 
to an ideal NOON state. Surprisingly, the 
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scheme presented by Afek et al. is similar to 
an idea of Caves in 1981 to improve the sen- 
sitivity of gravitational wave detectors (7). 
He showed that by squeezing the zero-point 
energy state of an interferometer, the noise 
of the circulating laser beam can be reduced. 
The sensitivity of the interferometer is 
improved below its classical limit, called the 
shot-noise limit. This technique may soon 
be applied at the Laser Interferometer Grav- 
itational Wave Observatory (LIGO), which 
consists of two large L-shaped Michelson 
interferometers (8). 

What Afek et al. have shown is that 
squeezing photons at LIGO may generate 
large NOON (or “high-NOON’’) states in the 
arms of the interferometer. Hence, the pho- 
tons become path-entangled, which creates 
stronger-than-classical intensity correlations 
between the two arms of the interferometer. 
This process improves the sensitivity beyond 
the classical shot-noise limit. This limit can 
also be decreased by increasing the opti- 
cal power inside the interferometer, but this 
option can cause thermal problems. LIGO 
now uses ordinary photodiodes for detecting 
the signal of the interferometer, and exceed- 
ing the shot-noise limit with Afek et al.’s 
approach requires incredibly sensitive detec- 
tors that can resolve changes of just one pho- 
ton. However, scientists at the National Insti- 
tute of Standards and Technology have devel- 
oped such a detector that can resolve up to 20 
photons with a detection efficiency of more 
than 95% (9). 

Afek et al.’s approach may already prove 
advantageous for interferometry below the 
shot-noise limit, where the power in the inter- 
ferometer is limited by material constraints. 
The applications of this method for improv- 
ing the sensitivity of gravity wave detection 
may still be far off in the future. Nonethe- 
less, this idea represents a wonderful exam- 
ple in which quantum mechanics provides an 
understanding of the predictions ofa classical 
field theory, namely Einstein’s theory of gen- 
eral relativity. 
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MOLECULAR BIOLOGY 


Phylogeny of Methylomes 


Albert Jeltsch 


he DNA of most species is methylated, 
| containing the modified base 5-meth- 
ylcytosine. This modification has a 
role in silencing gene expression, among 
other important functions (/, 2). Advances 
in sequencing methods have allowed mea- 
surement of the first complete genome-wide 
DNA methylation map (“methylome”) of the 
model plant Arabidopsis thaliana and human 
cells (3—5). Studies by Feng et al. (6) and by 
Zemach et al. on page 916 of this issue (7) 
now expand this list by providing genome- 
wide methylomes for 20 additional species, 
revealing important conserved features and 
phylogenetic relationships of the methyla- 
tion machinery. 

Human DNA shows a dense and genome- 
wide methylation at CpG sites (cytosine and 
guanine dinucleotides) (/—3), including meth- 
ylation of transposable elements, which sup- 
press their transcription and recombination. 
Unmethylated CpG sites are mainly located 
in so-called CpG islands, regions with large 
CpG content. These islands often lie in the 
promoter regions of genes, and if methylated, 
they repress gene expression. Plants share 
features with mammalian methylation, such 
as methylation of transposons and lack of 
methylation at promoters of expressed genes, 
but they possess three methylation systems 
specific for CpG, CHG, and CHH (where H 
is the nucleotide adenine, thymine, or cyto- 
sine). In addition, methylation of gene bod- 
ies (the exons and introns of the genes) has 
been observed in mammals and plants (3, 4, 8, 
9). However, not all species show high DNA 
methylation: The eukaryotic model organ- 
isms Saccharomyces cerevisiae, Schizosac- 
charomyces pombe, Drosophila melano- 
gaster, and Caenorhabditis elegans show 
zero or very little DNA methylation. As a 
consequence, DNA methylation was long 
considered an interesting phenomenon but 
not of general importance. 

For animals, Feng ef a/. and Zemach et al. 
show strong preference for methylation at CpG 
sites due to high specificity of the DNA meth- 
yltransferase 1 (Dnmt1) enzymes. Non-CpG 
methylation is introduced by Dnmt3 enzymes. 
Fungi show strong non-CpG methylation by 
a subclass of Dnmtl enzymes, fungi-specific 
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Dim-2-type enzymes, and perhaps additional 
families of Dnmts. In plants, CpG methyla- 
tion is maintained by the plant subfamily of 
Dnmtl enzymes called Metl; CHG methy- 
lation is mediated by the plant-specific chro- 
momethylases; and CHH methylation is intro- 
duced by the DRM enzymes (see the figure) 
the plant subfamily of Dnmt3 enzymes. Con- 
servation of the different Dnmts and DNA 
methylation levels suggests that the last com- 
mon ancestor of eukaryotes contained a func- 
tional DNA methylation system with second- 
ary expansion and the loss of methylation in 
some lineages. Primitive methylation likely 
occurred at low to intermediate levels and was 
targeted to gene bodies and transposable ele- 
ments, leaving gene promoters unmethylated. 

Zemach et al. and Feng et al. found that 
methylation of the gene body (3, 4, 8, 9) is 
highly conserved and likely was present in the 
last common ancestor. It might be involved 
in the prevention of transcriptional initiation 
within the gene body. Interestingly, gene body 
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Saccharomyces cerevisiae (baker yeast) 
Ascobolus immersus (mold) 

Neurospora crassa (bread mold) 
Uncinocarpus reesii (mold) 
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Homo sapiens (human) 

Mus musculus (house mouse) 

Danio rerio (zebrafish) 


PEROreECiVes 


The patterns of DNA methylation across the 
genomes of 20 eukaryotes reveal conserved 
features and specific roles during evolution. 


methylation shows a parabolic correlation 
with gene expression, with genes expressed 
at an intermediate level having the highest 
amounts of gene body methylation (7). This 
suggests the coexistence of two opposing tar- 
geting mechanisms that increase or decrease 
methylation with gene expression. Two inter- 
esting details of this process are that exons 
tend to be more highly methylated than introns 
(as in human DNA) (3, /0) and that the end of 
the gene shows a similar drop in methylation 
as the gene’s promoter region. These findings 
imply general roles of DNA methylation in 
transcriptional elongation, termination, and 
perhaps alternative splicing. 

One trend observed in all kingdoms is that 
highly developed multicellular organisms 
show increased DNA methylation. This may 
be due to the need for more efficient control 
of transposons because of outbreeding sexual 
propagation (7), or the need for additional epi- 
genetic regulation to control the development 
of many different cell types. Lower methyla- 
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Methylomes and methylation machineries. The phylogenetic tree was made with National Center for Bio- 
technology Information taxonomy and the Interactive Tree of Life. Dnmt1 (red), Dnmt3 (blue), chromomethylase 
(green), and Dim-2 families (light blue) are shown. DNA methylation data (6, 7) are averaged. Only plant CMT 
methyltransferases display a preference for CHG sites; CHG methylation is shown only for plants. Methylation 
data for human (10) and W. crassa (23) are included. A. immersus contains DNA methylation (24), but genome- 
wide distribution has not been determined (n.d.). DNA methylated at a CpG site (green) is on the left. 
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tion of gene promoter regions is observed in 
most species. It is correlated to gene expres- 
sion in plants and animals, which suggests 
that the role of promoter methylation in gene 
regulation may be derived. In mammals and 
flowering plants, this process has been devel- 
oped into the imprinting system that gener- 
ates parent of origin—dependent methylation 
marks on a small subset of genes and leads to 
their monoallelic expression (//, /2). 

On the other hand, several species under- 
went loss of DNA methylation to a large 
degree, such as the nematode C. elegans, 
the insect D. melanogaster, and the yeasts S. 
pombe and S. cerevisiae; hence, DNA methyl- 
ation is not essential under all conditions of 
life, and its loss may even be beneficial. This 
could be connected to the resources allocated 
to global DNA methylation or to the fact that 
5-methylcytosine is mutagenic, because its 
deamination is repaired less efficiently than 
deamination of unmethylated cytosine. 


Human DNA methylation patterns vary 
with cell type and developmental stage (3, 10, 
13-18), with disease (10, 15, 16), between 
alleles (J7, 19-22), and among individu- 
als (14, 75). Future methylome studies may 
reveal similar features in the other model 
organisms as well. Functional investigations 
of the properties of Dnmts and their interac- 
tion with chromatin and additional factors will 
clarify the mechanisms by which methylation 
patterns are set and maintained. Other ques- 
tions yet to be resolved surround the means 
by which repeats and transposable elements 
are identified, the processes that target DNA 
methylation to gene bodies in an expression- 
dependent manner, the biological function 
of gene body methylation that led to its high 
stability in evolution, and the mechanisms to 
generate and modify tissue-specific patterns 
of promoter methylation in mammals. 
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CLIMATE 


A Paleoclimatic Enigma? 


William F. Ruddiman 


ajor glaciations began in the 
Northern Hemisphere around 2.75 
million years ago, after a long 


prior interval of climatic cooling. Numer- 
ous observations reveal how climate cooled 
before glacial onset, but our understand- 
ing of the driving forces behind the cooling 
remains incomplete. 

Climate had been cooling from pole to 
pole for 50 million years before northern 
glacial onset (see the figure). Arctic forests 
changed from frost-intolerant evergreens to 
temperate deciduous trees to cold-adapted 
spruce and larch and eventually to tundra 
near the time of glacial onset (/). Antarctica 
was mostly ice-free until 34 million years 
ago; glaciers of varying size then existed on 
the continent until 14 million years ago, after 
which a large and relatively stable ice sheet 
formed. The gradual shift toward heavier 
5'°0 values in CaCO, shells of sea-floor for- 
aminifera since 50 million years ago docu- 
ments a combined deep-ocean cooling and 
increase in Antarctic ice (2, 3). 

Until a decade ago, most paleoclimate 
modelers attributed this ongoing bipolar 
cooling to a gradual reduction in the CO, con- 
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centration in the atmosphere. This inferred 
CO, decrease was ascribed to a combination 
of reduced volcanic CO, input to the ocean 
and atmosphere because of a slowing rate of 
sea-floor spreading (4) and increased CO, 
removal by enhanced chemical weathering in 
tectonically uplifting regions like Tibet (5). 
Methods devised to reconstruct the CO, 
concentration of the atmosphere on longer 
time scales later tested this conclusion. One 
method relied on the '°C composition of 
marine organic molecules called alkenones 
(6), another on boron-isotopic values in 
marine carbonate sediments (7). Results from 
both methods suggested estimated CO, con- 
centrations of around 1000 parts per million 
(ppm) or more during much warmer climates 
tens of millions of years ago, compared with 
ice-core values of just 180 to 300 ppm during 
the glacial cycles of the past 800,000 years. 
In a broad sense, this long-term CO, 
decrease provided some support for the idea 
that CO, has been the long-term driver of 
global cooling, but a closer look revealed 
major problems. By 22 million years ago, the 
alkenone and boron isotope data both showed 
that estimated CO, concentrations were 
already within the range typical of the glacial 
cycles of the past 800,000 years. If CO, con- 
centrations of 180 to 300 ppm have played an 
integral role in allowing glacial cycles in the 


What caused the onset of major Northern 
Hemisphere glaciation about 2.75 million 
years ago? 


past 800,000 years, why did comparably low 
CO, values 22 million years ago not initiate 
glacial cycles? And if the average CO, trend 
has not fallen in the past 22 million years, 
what caused the substantial bipolar cooling 
during that time? 

Other proposed causes seem insufficient 
to explain large-scale cooling. Gradual plate 
motions and falling sea level have extended 
the northern margins of circum-Arctic conti- 
nents into cooler near-polar latitudes (8), but 
models suggested that these factors were not 
enough to explain the major cooling observed. 
Closing of the Isthmus of Panama, about two 
million years before the onset of northern gla- 
ciations, has been proposed as a causal fac- 
tor in glacial inception. Results from coupled 
ocean-atmosphere models indicate, how- 
ever, that isthmus closure would have sent 
greater amounts of sensible heat northward in 
the Atlantic and melted more snow and ice, 
rather than promoting ice growth by deliver- 
ing more moisture (9). 

In the past 15 million years, broad-scale 
uplift of plateaus and mountains has occurred 
in the northern and eastern Tibetan Plateau, 
the east-central Andes and Altiplano, the east 
African rift valley, and the northern Canadian 
Rockies. Elevation of these rock surfaces to 
cooler levels in the atmosphere would have 
cooled the uplifted terrain and nearby regions, 
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problem is a disagreement with climate model 
simulations, which indicate that CO, concen- 
trations below ~750 ppm should cause a large 
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Indices of climate change in the past 50 million years. (A) Changes in circum-Arctic vegetation (1). (B) 
Changes in Antarctic ice sheet size. (C) Oxygen isotopic (570) index of deep-ocean temperature and ice vol- 
ume (2, 3). (D) Estimates of past CO, concentrations from alkenones (6). Paleoclimatic data from both poles 
indicate a progressive cooling from 50 million years ago until the onset of Northern Hemisphere glaciation 
2.75 million years ago, but reconstructions of atmospheric CO, concentrations from two prominent proxy 
methods show very low values by 25 million years ago and no subsequent decrease. If the CO, trend did not 
fall after 25 million years ago, the cooling trend would be difficult to explain. 


but apparently without causing a large cooling 
in far-off polar regions (/0). Chemical weath- 
ering of eroded debris in these uplifted regions 
is a plausible means of reducing atmospheric 
CO, concentrations (5), but this explanation 
brings us back to the problem of the persis- 
tently low CO, concentrations estimated for 
the past 22 million years (see the figure). 

Paleoclimatologists were left with three 
possibilities. First, we might have over- 
looked something crucial. This option seems 
unlikely for a science that has been growing 
toward maturity for decades. 

Second, one or more of the physical 
mechanisms previously proposed to account 
for global cooling could have had a much 
stronger effect than thought. Slow north- 


ward plate motions (8) and gradual plateau 
and mountain uplift (/0) seem like good 
candidates to drive a gradual cooling, and in 
recent years, many interactive feedback pro- 
cesses added to general circulation climate 
models have boosted the size of climatic 
responses to these imposed forcings. Still, 
these feedbacks seem unlikely to have pro- 
vided the amplification required. 

Third, the proxy methods used to recon- 
struct CO, concentrations prior to ice-core 
records could be invalid. CO, concentrations 
estimated from the two proxies disagree by 
large amounts between 45 and 25 million 
years ago, with boron-isotope estimates hav- 
ing fallen to very low values but alkenone 
estimates still at high concentrations. Another 


sheet by 55 to 50 million years ago, some 20 
million years before the onset of substantial 
Antarctic ice (see the figure). The CO, trend 
from the alkenone proxy predicts that a large 
ice sheet would have formed by 30 million 
years ago, a few million years after the time 
that ice masses of varying sizes first formed, 
but long before the appearance of a large and 
stable ice mass. 

Recent data have now raised further ques- 
tions about the older CO, proxy estimates. 
The new boron/calcium (B/Ca) ratio pre- 
dicts CO, concentrations of 350 to 450 ppm 
between 20 and 10 million years ago, a time 
when the other two techniques indicated val- 
ues of 200 to 300 ppm (/2). It also predicts 
somewhat higher concentrations between 
1.4 and 0.9 million years ago than recent 
results from the boron isotope method (/3). 
And a recent alkenone-based study shows 
a substantial CO, decrease from 5 to 2 mil- 
lion years ago (/4). In general, these newer 
results suggest that a gradual CO, decline 
did play a role in northern glacial inception, 
contrary to previous proxy estimates. 

From a paleoclimatic perspective, the 
simplest way to explain the large and ongo- 
ing bipolar cooling during the past 50 million 
years remains what it was a decade or more 
ago: a progressive decrease in atmospheric 
CO, levels that began at high levels 50 million 
years ago and continued to fall until the past 
few million years, rather than “bottoming out” 
as a forcing factor about 22 million years ago. 
If this view is correct, geochemists still have 
work to do in refining the CO, proxies. 
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INTRODUCTION 


Landscapes 
of Infection 


Infectious disease remains one of the biggest killers in developing countries. 
Two of them account for an enormous toll: Eleven million people live with tuber- 
culosis (TB), and almost 250 million cases of malaria—and roughly a million 
deaths among children—were reported in 2008; a staggering assault on human- 
kind. The 33 million people who live with HIV/AIDS are frequently co-infected 
with TB and/or malaria, and co-infection increases the overall risk of mortality 
and morbidity from all three diseases. Once, we aspired to find “magic bullet” 
solutions to these plagues using vaccines or drugs, but we have learned that there 
are no cure-all or simple solutions. These pathogens have complex repertoires of 
genetic resources that permit them to constantly reinvent themselves and escape 
the pressures applied by infection-control measures. To curb these elusive tar- 
gets, we, too, need a large repertoire of tools. 

In this special issue of Science, two pairs of Reviews investigate the variety of 
cell, molecular, and epidemiological research strategies currently being used to 
understand and control malaria and TB. Kappe ef al. (p. 862) describe aspects of 
the basic biology of malaria infection and how understanding it might someday 
contribute to the ambitious goal of eradication. Mackinnon and Marsh (p. 866) 
focus on the constantly shifting selective pressures acting on the most lethal form 
of the malaria parasite, Plasmodium falciparum. Russell et al. (p. 852) explore the 
basic biology of Mycobacterium tuberculosis, the infectious agent responsible for 
TB, and highlight the gaps in knowledge that hamper the ability to successfully 
treat the disease. Dye and Williams (p. 856) explore the population dynamics of 
TB at a time when, despite much success in providing effective therapy, disease 
burden remains enormous and highly drug-resistant strains are emerging. 

The News section focuses exclusively on malaria, chronicling the remark- 
able successes in malaria control in Africa in the past few years and the huge 
remaining challenges (p. 842). These gains are in jeopardy, however, from resist- 
ance to artemisinin-based combination therapies, the gold standard of malaria 
treatment, which is emerging on the Thai-Cambodian border sooner than anyone 
expected (p. 844). Another piece examines how the research agenda has changed 
since Bill and Melinda Gates uttered the “E” word, eradication, in October 2007 
(p. 843). High on this new agenda are transmission-blocking vaccines that can 
neutralize a mosquito’s ability to pass on the disease (p. 847). Also, since the 
Gateses’ call, a number of countries that have malaria relatively under control 
have declared their intent to eliminate the disease within their borders, a chal- 
lenge whose difficulties and costs should not be underestimated (p. 849). The 
island of Hispaniola, which Haiti and the Dominican Republic uneasily share, 
provides a striking example (p. 850). 

In a related Editorial, Bloom discusses the need for the United States to con- 
tinue its investment in the Global Fund to Fight AIDS, Tuberculosis, and Malaria. 
In the end, it will be careful, well-funded R&D, combined with political will and 
strong health care systems, that will help to lessen the impact of these terrible 
diseases of poverty. 

— STELLA HURTLEY, CAROLINE ASH, LESLIE ROBERTS 
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Redrawing Africa‘s Malaria Map 


Smaller countries on the hardest-hit continent have shown how aggressive malaria 
control can slash cases and deaths. Can the big ones follow? 


Africa is the key battlefield in the fight 
against malaria—and in recent years, there 
have been major successes. Thanks to the 
widespread introduction of insecticide- 
treated bed nets, indoor spraying, and a new 
generation of drugs called artemisinin-based 
combination therapies (ACTs), a dozen 
countries have dramatically reduced their 
disease and death toll faster than anyone 
expected. “The number of cases and deaths 


NIGERIA 
Population: 155 million 
2009 Funding: $2.62* 


Accounting for about a quarter of Africa’s 
malaria burden, this massive country 
is difficult for donors to deal with and 
money has been scarce. There’s been little °- 
progress in malaria control in the past few 
years. But things might change in 
2010, when dozens of millions 
of bed nets will be deployed. 


SAO TOME AND PRINCIPE 
Population: 0.16 million 
2009 Funding: n/a 


Everything is a bit easier if you're 
a two-island state the size of New 
York City. Nevertheless, Sao Tomé 
and Principe, where malaria 
deaths have come down 
by more than 95% since 
2005, is an example 

of what's possible with 
existing tools. 


DEMOCRATIC REPUBLIC OF 
THE CONGO 


Population: 69 million 
2009 Funding: 
Silt lia 


One in nine African 

malaria cases occur in the 

D.R.C. War-torn, huge, and with a 
dismal infrastructure, experts say 
it's one of the most difficult places 
anywhere to fight malaria. Recom- 
mended drugs are in short supply; 
nonetheless, 12 million bed nets 
were deployed between 2006 and 
2008, and more are on the way. 


ZAMBIA 


Population: 13 million 
2009 Funding: $11.52* 


Zambia is a midsize “donor darling” that’s 
often held up as an example of what's possi- 
ble, and malaria deaths have come down by 
more than two-thirds since aggressive control 


has fallen shockingly rapidly,” says Robert 
Newman, head of the World Health Organi- 
zation’s Global Malaria Programme. 

But most of the successful countries were 
small and peaceful. More than half of all 
malaria cases occur in Nigeria, the Demo- 
cratic Republic of the Congo, Sudan, Tanza- 
nia, and Uganda—and in some of those, the 
challenges are far greater. Other questions 
loom as well. Can the countries that have 


ETHIOPIA 

Population: 81 million 

2009 Funding: $7.94* 

Ethiopia is the only big country to have 


introduced bed nets, ACTs, and indoor spraying ona 
large scale. Malaria here comes in epidemic waves, 
the last one in 2003-04, so the question is: How 
big—or small—uwill the next one be? 
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measures were scaled up countrywide in 2003. 


seen malaria dwindle keep up their vigi- 
lance? And will donors remain interested? 


Looking at the map of Africa, however, 
malaria fighters say they can’t help but feel a 
little relieved. “There’s still a lot to do,” says 
Richard Steketee of the malaria control pro- 
gram at PATH in Ferney-Voltaire, France. 
“But we’re in a very different place than we 
were 10 years ago.” 

—MARTIN ENSERINK 


A Funding Explosion 


Donor contributions for malaria control to endemic 
countries worldwide. 
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ZANZIBAR 
Population: 1.1 million 
2009 Funding: n/a 


The small archipelago of 
Zanzibar—part of Tanzania— 
- began seeing spectacular suc- 
cess in 2006 after 3 years of 
ramping up control measures. 
Overall childhood mor- 
tality was more than 
halved. Should 


Zanzibar consider 
going from con- 
trol to elimination? 
(See p. 849.) 


RWANDA 
Population: 10 million 
2009 Funding: $30.74* 


Among the front-runners in terms of funding, 
Rwanda rapidly introduced bed nets and ACTs 
nationwide in 2006. Malaria cases fell sharply 
in 2007; a recent study says in-patient deaths 
among children under 5 came down by 67%. 


14 MAY 2010 VOL328 SCIENCE www.sciencemag.org 


Published by AAAS 


CREDITS (TOP TO BOTTOM): AFP/GETTY IMAGES/NEWSCOM/ALEXANDER JOE; MAP INFOGRAPHIC: RBM PROGRESS AND IMPACT SERIES #1; GLOBAL MALARIA REPORT 2009; MALARIA ATLAS PROJECT 


Downloaded from www.sciencemag.org on May 13, 2010 


CREDITS (TOP TO BOTTOM): PUBMED; WIKIMEDIA COMMONS; KARIE ATKINSON/USAID; COURTESY GLAXOSMITHKLINE; CORBIS; CDC/MAE MELVIN 


As Challenges Change, 
So Does Science 


Malaria scientists are brimming with optimism. Gone 
is the gloomy atmosphere that dominated the ‘90s, 
when nothing seemed to get done and funding was 
always in short supply. Thanks to a massive influx of 
new money, dozens of countries have begun scaling 
up simple ways to fight malaria: insecticide-treated 
bed nets, indoor spraying of insecticides, and a class 
of powerful drugs called artemisinin-based combina- 
tion therapies (ACTs). Some have seen spectacular 
results. On top of that, megaphilanthropists Bill and 
Melinda Gates gave the field a breathtakingly ambi- 
tious goal in 2007: Don't just control malaria, eradi- 
cate it—get rid of it once and for all. 

Nobody believes that is possible in the next 10, 
20, or even 30 years. But the call for eradication, 
combined with the plummeting malaria burden, are 


already reshaping the scientific agenda. Rather than 
preventing disease and death, there's a new focus on 
breaking the chain of transmission between host and 
parasite. Countries that have brought down cases by 
more than 90% are asking, “Now what?” Can they 
eliminate malaria—that is, get local transmission 
down to zero? The number of papers mentioning 
eradication and elimination in the context of malaria 
has exploded. 

Over the past 18 months, a group of 15 scientists, 
supported by the Gates Foundation and led by Pedro 
Alonso of the Barcelona Centre for International 
Health Research in Spain, has consulted with hun- 
dreds of experts to hash out a new road map, called 
the Malaria Eradication Research Agenda (malERA). 
The fruits of their labor will be published in the 
months ahead. But based on interviews with malaria 
scientists and previous papers, here’s a look at what's 
up and down on the research agenda. 

—M.E. 


Transmission-blocking 

drugs 
Experience with ACTs has shown 
that drugs don’t just save indi- 
vidual patients. They can also 
prevent others from getting 
sick, because treated patients 
become less infective to mos- 
quitoes that bite them. But 
ACTs aren't ideal for this pur- 
pose, because they don’t kill all the 
gametocytes, the cells in the para- 
site's sexual stage that get picked 
up by the mosquito. Another drug, 
primaquine, does a much better 
job, but it also causes the break- 
down of red blood cells in patients 
with certain variants of a gene 
called G6DP. So safer gametocyte- 
killing drugs are needed, as well 
as research into the possibility of 
screening patients for their individ- 
ual risk of primaquine side effects. 


Partially effective vaccines 

Developing a fully protective 
malaria vaccine has proven elusive. 
But because of the disease’s ter- 
rible burden, researchers have long 
believed that even a partially effec- 
tive vaccine can do a great deal 
of good, and one such vaccine— 
GlaxoSmithKline’s RTS,S, which 
offers about 50% protection the 
first 8 months—is now in a phase III 
trial in seven African countries. 


But the surprising successes 
achieved by existing cheap tools 
make these vaccines less interest- 
ing. “Maybe we won't need a 
vaccine that 
does what bed 
> nets can do,” 
says Carlos 
Campbell, 
who directs the 
malaria control program at PATH, 
a Seattle, Washington-based 
nonprofit. 


Transmission-blocking 

vaccines 
The hunt is on for new generations 
of vaccines that don’t protect the 
recipient from being infected but 
prevent mosquitoes from passing 
on the parasite to other people. 
Several of them are in development 
(see main text, p. 847). 


Intermittent preventive 
y treatment 

In so-called intermittent preven- 
tive treatment (IPT), malaria drugs 
are given to people at high risk, 
such as children and pregnant 
women, in malaria-endemic areas 
to prevent them from becoming 
sick. That strategy becomes less 
attractive when malaria cases have 
been sharply reduced, because it 
means treating more and more 
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healthy people for 
one malaria case 
prevented. Indeed, 
some countries 
where malaria rates 
have plummeted are 
beginning to ques- 
tion the use of IPT 

in pregnant women. 
Instead, research is 
needed to find other ways to pro- 
tect high-risk groups, scientists say. 


Mass drug administration 

Treating entire populations 
with malaria drugs has been tried 
since the 1930s; chloroquine or 
amodiaquine was even added to 
salt in a dozen countries. The lat- 


ter strategy is now widely seen as 
“stupid,” says Brian Greenwood 

of the London School of Hygiene 
and Tropical Medicine; such mas- 
sive use easily triggers resistance, 
and the spectacular successes in 
controlling malaria it brought were 
usually short-lived. 
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Today, however, scientists 

say a few rounds of carefully 
planned mass drug adminis- 
tration, combined with other 
measures, might deal parasites 
the coup de grace in coun- 
tries on the brink of elimina- 
tion. But it will take a new 
drug combination that is safe 
enough to give to hundreds 

of thousands of people and that, 
ideally, is so effective that a single 
dose will do. Another option would 
be to screen entire populations and 
treat only carriers of malaria. Mod- 
eling studies are needed to predict 
the effects of both strategies. 


Plasmodium vivax 

Plasmodium falciparum is a 
global mass murderer. Its lesser- 
known cousin, P. vivax, found in 
Asia, South America, and Africa, is 
far less deadly. From the eradica- 
tion viewpoint, how- 
ever, P. vivax is a bigger 
problem because it can 
lurk in the human liver 
for years and come 
back unexpectedly. P 
vivax needs more study, research- 
ers say—and new drugs are needed 
that kill the sleeper cells, called hyp- 
nozoites, in the liver. The Medicines 
for Malaria Venture has one called 
tafenoquine in a phase II trial. 
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Malaria’s Drug Miracle in Danger 


Like many others before it, the latest generation of malaria drugs is losing its punch. 


This time, can global disaster be averted? 


BANGKOK—Malaria rates are plummeting 
in many places, and scientists are optimisti- 
cally talking about ridding entire countries 
of the disease—or even, in the long run, 
eradicating it worldwide. But in Southeast 
Asia, a new threat is looming—one that so 
far has received little attention but that could 
wipe out the recent advances and set back 
the global fight by decades. 

Along the border between Thailand 
and Cambodia, Plasmodium falciparum, 
the most dangerous of malaria parasites, is 
showing unmistakable signs of becoming 
resistant to artemisinin derivatives, the group 
of powerful drugs that—as part of so-called 
artemisinin-based combination therapies 
(ACTs)—have become the cornerstone of 
malaria treatment worldwide. 

For the moment, the drugs still work in the 
area; they just take more time to do the job. 
But that is alarming enough, scientists say. If 
resistance gets worse and starts spreading out 
from here, the results could be catastrophic. 
There are few other drugs in the pipeline, and 
those that are closest to the market may not 
work against the resistant strain (see sidebar, 
p. 846). One infected person flying to, say, 


India or Africa could unleash the resistant 
parasites there. 

Plans are under way to minimize the risk of 
that happening. The idea is to control malaria 
as aggressively as possible in the border area, 
making sure patients don’t pass resistant para- 
sites on to mosquitoes, and keeping parasites 
from being exposed to nonlethal drug lev- 
els that could fuel more resistance. Already, 
large numbers of insecticide-treated bed nets 
have been distributed in the area, and Cambo- 
dia has enacted a ban on the sale of so-called 
monotherapies, pills that contain artemisinin 
but lack the double whammy provided by the 
second drug in an ACT. 

The World Health Organization (WHO), 
which coordinates the containment effort, bills 
it as unprecedented; when previous malaria 
drugs started becoming ineffective, the world 
sat by and watched it happen, says Robert 
Newman, head of WHO’s Global Malaria 
Programme. But some malaria experts aren’t 
satisfied. “There have been endless meetings 
but not enough action,” says Nicholas White, 
who’s widely considered the dean of malaria 
research in Asia. Because millions of lives 
are at stake, White, employed by the British 


On the frontline. Chhay Meth, 9, suffers from 
malaria at her family’s home in O'treng in Pailin, a 
province in western Cambodia where drugs are 
becoming less effective. 


Wellcome Trust and the University of Oxford 
but stationed at Mahidol University in Bang- 
kok since 1981, says the best strategy would 
be to eliminate malaria from the border area 
altogether. That idea, discussed widely a few 
years ago, has so far gone nowhere. 

Malaria scientists who talked to Science 
were careful not to come down too hard on 
WHO, because the agency is chronically 
understaffed and because they want to see 
Newman—a respected malaria veteran 
who’s been on the job less than a year— 
succeed. But they say the agency needs to 
step up its efforts, and the world should pay 
more attention. “Blame is not relevant, but 
outrage is entirely appropriate,” says mala- 
riologist Christopher Plowe of the Univer- 
sity of Maryland (UMD) School of Medi- 
cine in Baltimore. Given the huge stakes, 
White argues that the fight against resist- 
ence should “be prosecuted like a war. 
Because it is a war.” 


Déja vu 

If, a decade ago, you had asked malaria 
researchers where artemisinin resistance 
might first crop up, they probably would have 
put their money on the Thai-Cambodian bor- 
der, a region that has been the cradle of resis- 
tance multiple times. In 1957, chloroquine, 
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discovered by Bayer in the 1930s and deployed 
widely after World War II, began failing here. 
Resistant P falciparum started spreading in all 
directions in Asia, as well as to east and even- 
tually west Africa. A separate resistant strain 
that arose along the Panamanian-Colombian 
border fanned out across South America, and 
by 2000, the drug was virtually useless in most 
parts of the world. 

Chloroquine’s main successor, sulfadoxine- 
pyrimethamine (SP), also known as Fansidar, 
started losing its potency here in the 1960s; 
this time resistance spread much faster. SP’s 
replacement, mefloquine—developed by the 
U.S. Army during the Vietnam War and noto- 
rious among Western travelers for its side 
effects—started failing in Southeast Asia 
in the early 1980s. It’s still effective in most 
other parts of the world. 

Why the region is such a hotbed isn’t 
clear, and the reasons are probably diverse. 
Widespread overuse of drugs may have 
played a role, as may the trade in counterfeit 
drugs. Fake drugs often contain lower levels 
of a drug—enough to make the patient feel 
better but too little to kill the parasites. (The 
same can happen when patients take low 
doses of a legitimate drug.) Some scientists 
have also speculated that the parasite popu- 
lation in this region may be more genetically 
diverse than elsewhere, giving it an evolu- 
tionary leg up. Whatever the causes, history 
appears to be repeating itself, sooner than 
anyone anticipated. 


Hard to track 
Chinese scientists isolated 
artemisinin in the 1970s from 
sweet wormwood (Artemisia 
annua), a plant used to treat 
fever for centuries. The drug, 
along with more potent deriva- 
tives such as artemether, arte- 
sunate, and dihydroartemisi- 
nin, not only kills parasites 
effectively and fast but also 
disappears from the blood- 
stream in less than a day after 
administration. The hope was 
that this would give the para- 
site less chance to adapt and 
develop resistance, and that 
teaming each of the drugs with 
another, longer-lasting one 
that mops up any remaining 
parasites would further reduce 
chances of resistance. 

Perhaps that’s why many 
didn’t believe there was a seri- 
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ous problem when the Thai Ministry of Pub- 
lic Health first reported that treatment with 
the combination artesunate-mefloquine— 
the most-used ACT in Southeast Asia— 
occasionally failed in the province of Trat, 
which borders Cambodia, in 2003 and 2004. 
(Thailand is almost entirely malaria-free; the 
disease occurs only along its borders.) Most 
experts believed the problem was resistance 
against mefloquine, the partner drug, a well- 
known problem. 

Fingering artemisinin wasn’t easy, says 
Harald Noedl of the Medical University of 
Vienna, who carried out the pioneering resis- 
tance studies with researchers from the U.S. 
Armed Forces Research Institute of Medical 
Sciences in Bangkok. Scientists haven’t yet 
found genetic markers by which they can eas- 
ily identify resistant P falciparum strains. The 
only surefire way to track artemisinin resis- 
tance is to treat patients with the drug—and 
without the partner drug—and check how 
fast they clear the parasites. WHO and ethical 
panels have concluded that this is ethically 
acceptable, says Noedl, provided subjects get 
a 7-day course of artesunate—instead of the 
standard 3 days for the combination—and 
they are followed carefully for up to 9 weeks. 
Such “treatment trials” are time-consuming 
and expensive, and they have been slow to get 
off the ground. 

One study in western Thailand showed 
slightly increased parasite clearance times, 
but not nearly as dramatic as in Cambodia. 
It’s impossible to say whether the change 
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General needed. Nicholas White says the fight 
against drug resistance “is a war.” 


2% 


represents a very early stage of resistance; 
patients could also take longer to get rid of 
malaria because malaria control has been 
so effective that their immunity has waned, 
says Francois Nosten, who heads the Shoklo 
Malaria Research Unit in Mae Sot, a town 
on the Thai border with Myanmar. If resis- 
tance spills over into Myanmar, where the 
health infrastructure is poor and malaria is 
rife, most experts agree it would be impos- 
sible to stop it from spreading farther west to 
Bangladesh and India. 


What's happening? 
Action is needed, and the Thai and 
Cambodian governments, WHO, and a 
range of donors have all stepped up their 
efforts; the Bill and Melinda Gates Foun- 
dation alone has contributed $22 million. 
What’s been lacking, however, is a clear 
plan, a common strategy, and 
strong leadership, says White. 
“T’m in the epicenter here, and 
even I have trouble finding out 
what’s happening,” he says. 
When Science asked WHO, 
which coordinates the efforts, 
about the current strategy, 
Newman said WHO has a plan 
but conceded that no publicly 
available version of it existed; 
he had WHO staff members 
write up a strategy and a prog- 
ress report, however, which he 
sent to Science on 28 April. 
Among the accomplish- 
ments listed in the report: Cam- 
bodia is improving its surveil- 
lance and has recruited more 
than 1300 volunteer malaria 
workers to help diagnose 
patients early and give them 


On the border. WHO's containment plan focuses on areas where resistance has 
been confirmed but includes a much larger region considered at risk as well. 
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rates are dropping. Cambodia also banned 
monotherapies in 2009, and that seems to be 
working, at least in some places, says Arjen 
Dondorp, the head of malaria research in 
White’s group; when Dondorp asked a Cam- 
bodian co-worker last year to see whether he 
could buy the drugs at local pharmacies in 
the province of Pailin, the man came back 
empty-handed. 

But the challenges remain formidable. 
Western Cambodia has many migrants from 


neighboring countries looking for work, and 
they’re difficult to find and treat. Nobody 
even knows how many people are in the area, 
says Charles Delacollette, the coordinator of 
WHO’s Mekong Malaria Programme. Bed 
nets don’t work as well here as in Africa 
because mosquitoes start biting earlier in the 
evening, before people go to bed, and bite 
outside homes as well. 

The tensions between Thailand and 
Cambodia—just a few weeks ago, their 


If Artemisinin Drugs Fail, What's Plan B? 


If the current generation of artemisinin-based combination therapies (ACTs) should fail, does the 
world have a solid backup plan? The short answer: No. New funding has lured academics and phar- 
maceutical companies back to the malaria field after a decades-long drought. But drug develop- 
ment is a slow process, and the only compounds far enough along in the pipeline to quickly replace 
current ACTs are variations on the artemisinin theme. Whether they will kill resistant parasites is 
a big question. 

The three artemisinin derivatives currently used in ACTs are so closely related chemically that 
parasites resistant to one will probably be resistant to all, says Harald Noedl of the Medical Univer- 
sity of Vienna. In other words, you can’t swap one for the other. One possible alternative is a new 
artemisinin derivative, developed by the Hong Kong University of Science and Technology, whose 
structure is different from that of the others. 

The drug, called artemisone, has been through a phase II trial for nonresistant malaria but 
didn't offer major benefits over existing derivatives, says Timothy 
Wells, chief scientific officer at the Medicines for Malaria Ven- 
ture (MMV), a nonprofit that links scientists and companies to 
get new drugs to the market. It might have a new future, how- 
ever, if the resistant parasites found along the Thai-Cambodian 
border prove sensitive to it. MMV is supporting a proposed trial 
in eastern Thailand to find out. 

Then there are the synthetic artemisinins. These drugs, devel- 
oped by researchers at the University of Nebraska, Monash Uni- 
versity in Australia, and the Swiss Tropical Institute, were origi- 
nally designed to circumvent the shortages and high prices of 
sweet wormwood, the plant from which artemisinin is isolated. 
Made from scratch in the lab, the molecules have the key chemi- 
cal feature of artemisinin, a so-called endoperoxide bridge, but 
other than that, they are completely different. 

MMV stopped sponsoring development of the first of these compounds, arterolane, after a dis- 
appointing phase II trial for nonresistant malaria, but it has renewed its collaboration with Indian 
pharma giant Ranbaxy to test it against resistant malaria, paired with a drug called piperaquine in 
an ACT. The three academic groups, meanwhile, have developed a second, more potent candidate, 
provisionally called 02439, that will also be tried as soon as it has proved to be effective against 
nonresistant malaria in a phase II study. 

Based on their different chemical structures, Wells feels chances are “pretty good” that the syn- 
thetics can replace standard artemisinins if they fail. Others are less sanguine because the mecha- 
nism of resistance is still unknown. There's a chance of success if, for instance, parasites become 
resistant through a pump that removes the drug from their cells, says Arjen Dondorp of Mahidol 
University in Bangkok; such pumps are unlikely to work for two molecules with distinct shapes. But 
if resistance occurs because the drug’s target has changed a bit—making the fit less snug—then 
the new synthetics may not do any better. 

Beyond artemisone, arterolane, and 0Z439, there's not much else in sight. There are plenty of 
new leads, but none of them are even in phase | safety studies, Wells says, and they would take at 
least 7 or 8 years to get to the market. —-M.E. 


No successors. ACIs—easy to 
take and fast-acting—can’t be 
easily replaced. 


armies briefly exchanged shots in a disputed 
border zone—don’t help. One urgent ques- 
tion is whether a new, so-called synthetic 
artemisinin might work against resistant 
parasites. A study to find out was approved 
by ethical panels and ready to go when 
Cambodia’s minister of health unexpect- 
edly vetoed it; apparently part of the reason 
was that researchers from Thailand were 
involved, says Stephan Duparc, chief sci- 
entific officer of the Medicines for Malaria 
Venture, which supports the study. Still, 
experts from both sides of the border do 
meet frequently without political interfer- 
ence, says Wichai Satimai, director of Thai- 
land’s Bureau of Vector-Borne Disease. 

The idea of wiping out malaria from the 
region altogether, meanwhile, has for now 
been shelved. On paper at least, the plan 
has potential. In terms of malaria, the area 
is almost an island, surrounded by non- 
malarious areas to the north, west, and east 
and by the Gulf of Thailand to the south. If 
the disease were eliminated, it might bounce 
back—but it would do so by being reim- 
ported from another region, such as eastern 
Cambodia, where there is no resistance. 

White believes an approach called mass 
drug administration, in which everybody in 
the area receives drugs in a short time (see 
sidebar, p. 843), could do the job. “It would 
be a massive operation. You’d need global 
positioning systems, the military, and who 
knows what else to find all the people,” he 
says, “but I think it could be done.” But 
WHO is generally not in favor of mass drug 
administration, which targets people regard- 
less of whether they have malaria and carries 
the risk of aggravating resistance if it’s not 
carried out properly. WHO describes elimi- 
nation as the “ultimate goal.” 

Newman resents the perception that the 
threat is not being taken seriously enough. 
WHO has lobbied hard against monothera- 
pies, he points out, and WHO Director- 
General Margaret Chan has raised the issue 
of artemisinin resistance multiple times. 
But UMD’s Plowe says that isn’t nearly 
enough. “There should be a czar for malaria 
elimination in Southeast Asia, with a strong 
international team,” he says. “Right now, I 
don’t know anyone whose full-time job it is 
to contain resistance.” 

White agrees; the stakes are high enough, 
he says. “I would hate for resistance to show 
up in Mali next year and to know that we 
didn’t stop it. I think we would all feel that 
we had failed terribly.” 

—MARTIN ENSERINK 
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The ‘Do Unto Others’ Malaria Vaccine 


Once neglected, research on transmission-blocking vaccines for malaria is gaining new prominence 


It used to sound like a far-out idea: a malaria 
vaccine that would use humans to generate 
antibodies and deliver them to mosquitoes, 
with the aim of preventing the insects from 
spreading the disease. Until recently, such 
transmission-blocking vaccines (TBVs) had 
received scant attention. But after Bill and 
Melinda Gates called for a global effort to 
eradicate malaria (Science, 7 December 2007, 
p. 1544), TBVs have moved to center stage in 
malaria vaccine research (see p. 843). 

With money no longer the limiting factor, 
progress is accelerating: A half-dozen TBVs 
could have a shot at clinical trials sometime 
in the next 5 years, researchers say. Even 
so, the scientific and social hurdles remain 
daunting. Key among them is whether peo- 
ple can be persuaded to get a vaccination 
that doesn’t prevent them from getting sick 
but instead protects family and neighbors 
from getting infected. That also raises the 
bar for an extremely safe vaccine. 

Nirbhay Kumar, a molecular parasitolo- 
gist at Tulane University in New Orleans, 
Louisiana, has been working to develop a 
TBV for 28 years, often with little support. 
But he understands why few funders shared 
his enthusiasm: With limited resources, it 
made sense to focus on fighting the dis- 
ease in humans. Consequently, the 
few candidate vaccines developed 
to date attack the parasite during 
the human stages of its life cycle. 
The frontrunner, called RTS,S, 
targets the parasite in the liver 
stage—when there are hundreds 
of parasites (see graphic). Other 
candidates target the blood stage, 
when there can be trillions of para- 
sites. So far, such vaccines protect 
people from symptoms of malaria 
but don’t clear all parasites from 
the blood. 

As a result, a vaccinated per- 
son could be symptom-free but 
still be infected and infect others. 
“You can’t eliminate or eradicate 
[malaria] without addressing the 
transmission” of the disease, says 
Kumar. “If we want to completely 
finish the job, we will need that 
vaccine,” says Christian Loucq, 
head of the PATH Malaria Vaccine 
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Initiative (MVI), a nonprofit funded primar- 
ily by the Gates Foundation. 


Playing the numbers 

Antibodies generated by TBVs would be 
transferred to a mosquito during a blood 
meal, and they would zero in on the para- 
site after it enters the insect. That gives them 
a built-in advantage, says parasitologist 
Robert Sinden of Imperial College London: 
Instead of mopping up thousands or even 
trillions of parasites at once, they have to 
take out only a handful. The disadvantage? 
The vaccinated person can still get sick. But 
a mosquito that bites him or her won’t pass 
the disease to others. 

But even with the numbers advantage, 
developing this new class of vaccines isn’t 
easy. TBV researchers not only have to aim 
at entirely new targets but they must also 
overcome many of the same problems that 
have plagued other malaria vaccines. One of 
those problems is that Plasmodium proteins— 
the targets of any type of malaria vaccine— 
are difficult to make in the lab. Usually vac- 
cine producers use bacterial, yeast, or ani- 
mal cells either to grow the target microbe 
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directly or to produce recombinant proteins, 
but the malaria parasite’s genome can con- 
found the proteinmaking machinery in these 
cells. To make matters worse, the antigens 
must have the right shape to trigger effec- 
tive antibodies, and getting the recombinant 
Plasmodium proteins to fold correctly has 
proved difficult. Moreover, because TBVs 
won’t provide direct benefit to the recipient, 
some say, any TBV with a chance in the real 
world has to be flawless: absolutely safe, 
100% effective, and cheap. 

A few teams began testing TBVs in 
humans a decade ago. The first antigen out 
of the gate was called Pfs25, named for a 
25-kilodalton protein on the Plasmodium 
falciparum ookinete, the fertilized zygote 
that migrates through the mosquito midgut. 
Scientists have also tested the analogous pro- 
tein from P vivax, called Pvs25. (Research- 
ers call both proteins P25 for short.) Like 
other Plasmodium proteins, P25 often failed 
to fold correctly when expressed in recom- 
binant cells, but animal tests were promis- 
ing enough to try it in humans. 

In initial clinical trials, vaccines based 
on P25 prompted measurable but weak 
reactions in healthy volunteers. Based on 

that experience, malaria experts Yimin 

Wu and Louis Miller of the National 
Institute of Allergy and Infectious 
Diseases in Rockville, Maryland, 
and their colleagues began a trial 
in 2005 that combined the anti- 
gens with an adjuvant that boosts 
the body’s immune response to 
a vaccination. The researchers 
planned to test the vaccine in 72 
healthy volunteers. 

Initial results showed that 
some recipients produced anti- 
bodies that could block 90% 
of oocyst development in mos- 
quitoes. But severe reactions 
in two participants stopped the 
trial. The combination of adju- 
vant and antigen was apparently 
too much for some immune sys- 
tems, says Anna Durbin, a vac- 
cine expert at the Johns Hopkins 
Bloomburg School of Public 
Health in Baltimore, Maryland, 
who coordinated the trial. Sev- 
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eral groups are continuing work on P25 and 
the related P28, however, hoping that bet- 
ter folding might produce a potent response 
without new adjuvants. 

At the same time, ongoing research on 
a half-dozen other candidates has brought 
them within range of clinical trials. One is 
Pfs48/45, about twice as big as P25 (and 
therefore harder to produce), which is 
expressed during the sexual stages of the 
parasite, both in the human and in the mos- 
quito. Researchers identified it as a poten- 
tial target and cloned the gene in 1993, 
“and we spent the next 15 years on its fold- 
ing,” says parasitologist Robert Sauerwein 
of Radboud University Nijmegen Medical 
Centre in the Netherlands. Eventually, sev- 
eral groups developed tricks to produce the 
protein in its lifelike shape. Kumar and his 
colleagues have conducted promising tri- 
als in baboons: The blood of animals that 
received a single immunization blocked 
parasite development by 93%. 

Another candidate, called P230, is even 
more ofa “monster,” says Christine Farrance 
of the Fraunhofer USA Center for Molecu- 
lar Biotechnology in Newark, Delaware. It is 
also expressed during the sexual-stage para- 
site, but it is 230 kilodaltons, too big to make 
in cell culture. Farrance and her colleagues 
are working with several teams to produce 
parts of P230 in tobacco plants, which are 
an inexpensive way to make complex pro- 
teins. Another leading candidate, called 
HAP2, is sometimes called the coitus inter- 
ruptus antigen. First discovered in plants, 
but also present in Plasmodium, it is crucial 
for the fusion of male and female gametes. 
In lab tests, Sinden says, it can block parasite 
development by 96%. 

One of the newest targets is particularly 
promising. Instead of targeting a parasite 
protein, the candidate vaccine targets a pro- 
tein in the mosquito that is the docking point 


for the parasite as it invades the insect’s gut. 
Presumably, the antibodies bind to the gut 
protein, blocking the parasite’s way and 
preventing its further development. One 
advantage to targeting a mosquito protein 
is that the antibodies are effec- 
tive against several strains of 
parasite, says Rhoel Dinglasan, 
a malariologist at Johns Hop- 
kins Malaria Research Institute 
in Baltimore. Antibodies from 
rabbits vaccinated with the anti- 
gen, called AnAPN1, blocked 
development of P vivax by 98% 
in mosquitoes in Thailand and 
completely blocked P falci- 
parum development in mosqui- 
toes in Cameroon, Dinglasan 
says. “It’s the first time a candi- 
date vaccine could do two with 
one blow,” he says. The ability to 
hit both parasites with a single 
vaccine is a major advantage, 
says Ashley Birkett of MVI, which is col- 
laborating with Dinglasan in one of its first 
forays into TBV research. 


Clinical conundrum 

As the various antigens move closer to human 
testing, experts are pondering how to design 
clinical trials. Vaccine clinical trials are never 
easy, but proving that a TBV can be effective 
in real life will pose new challenges, because 
the protection they offer is to communities, 
not to the vaccinated individual. Scientists 
have only begun to think about these issues, 
says epidemiologist Thomas Smith of the 
Swiss Tropical and Public Health Institute 
in Basel. “Large-scale trials of TBVs did not 
seem to be an imminent possibility until very 
recently,” he says. And because recipients 
don’t benefit directly, regulatory agencies 
may require even more safety data before 
approving them. 


The epidemiology of malaria varies 
widely, and so vaccination strategies will 
differ from place to place. But the most 
likely scenario for an initial real-life test, 
Smith says, would involve several dozen 
communities with relatively low transmis- 
sion. In half the communities, researchers 
would vaccinate as many people as possible 
with the TBV. The remaining villages would 
serve as controls. “The readout would be 
whether transmission was interrupted in the 
vaccinated communities,” Smith says. 

To get a handle on the factors that could 
affect a trial, Loucq says, MVI will hold a 
workshop in June that will bring together 
regulatory agencies, experts in mosquito 
behavior, epidemiologists, and statisticians 
who can help assess variables such as how 
far mosquitoes travel and how often they 
take a blood meal. 


Lab test. Mosquitoes are fed on blood from vaccinated volun- 
teers and Plasmodium parasites to test a vaccine’s efficacy. 


Ifa TBV proves effective in the field, the 
next step will be to see whether it could be 
combined with a vaccine that would prevent 
disease. “A multicomponent vaccine is what 
everyone is thinking about,” Dinglasan says. 
Ifa transmission-blocking component could 
be added to RTS,S, Birkett says, “you would 
get the best of both worlds: a vaccine that 
has direct benefit to the recipient but also 
provides the community protection.” At the 
same time, he says, any malaria vaccine has 
to be “very affordable, and combining anti- 
gens is much easier said than done.” 

A TBV will become increasingly impor- 
tant as other malaria-control measures have 
an effect and transmission falls, Sauerwein 
says. “It’s very difficult to find that one 
case” that could lead to a new outbreak in an 
otherwise disease-free community, he says. 
“You need the vaccine to go the last mile.” 

-GRETCHEN VOGEL 
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Shrinking the Malaria Map 
From the Outside In 


A debate is brewing over how best to fight malaria: Go for the quick wins, or the worst 


places first, or both? 


Richard Feachem wants to “shrink the 
malaria map.” By that, he and his Global 
Health Group at the University of Califor- 
nia, San Francisco (UCSF), mean wiping 
out malaria at its “natural margins”—those 
countries on the edge of malaria transmis- 
sion where the disease has just a tentative 
foothold—and working inward. It’s going 
for the “low-hanging fruit,” he says. “It’s a 
no-brainer.” 

That’s not how some of Feachem’s col- 
leagues see it. No one questions the value 
of eliminating malaria, which means stop- 
ping disease transmission in a geographi- 
cally defined area—where it’s feasible today, 
although exactly what is feasible where 
and when, and what it might cost, is hotly 
debated. But many malaria hands worry 
that shrinking the map will divert money 
and attention from a far more urgent task: 


reducing the horrific toll of malaria in cen- 
tral Africa, where five countries account for 
50% ofall global deaths from the disease and 
elimination is not possible. In those coun- 
tries, scaling up the use of existing tools— 
for instance, blanketing the population with 
insecticide-treated bed nets and ensuring fast, 
free access to malaria drugs—could have a 
huge payoff. Indeed, several countries, such 
as Zambia and Rwanda, have slashed cases 


No conflict. 
Richard 
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by more than 50% (see p. 842). 

“There is not enough money for next 
year. So what investment would save the 
most lives and bring credibility to malaria 
control?” asks Carlos Campbell, who directs 
the malaria control program at PATH, a 
nonprofit in Seattle, Washington. “Do you 
work with Namibia and Botswana, which 
have very little malaria, and try to shrink 
the map, or do you use that money on bed 
nets for the DRC [Democratic Republic of 
the Congo]?” 

Feachem, who has assembled a large 
brain trust known as the Malaria Elimination 
Group, agrees that the bulk of donor funds 
and efforts should be concentrated in the 
highest burden countries. But he thinks the 
world can and should pursue both strategies. 
There is “absolutely no conflict” between the 
two, he says. He sees elimination as a piece 
of a three-part strategy that must be pursued 
simultaneously for “getting to a malaria-free 
world”: Control malaria in the “heartland,” 
eliminate it at the edges, and invest heav- 
ily in radical new tools that someday might 
make it possible to wipe the disease off the 
face of the earth. 

Many countries have already eliminated 
malaria—Canada and the United States, for 
example, and all of Western Europe. Several 
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others are in the process, including Alge- 
ria, China, and Mexico, all on the northern 
boundary of transmission, and Argentina 
and the South Pacific island of Vanuatu on 
the southern boundary. In these places, the 
environment is less conducive to malaria 
transmission. At least as important, the coun- 
tries tend to be high- or middle-income, with 
sufficient funds, political will, and strong 
enough health systems to devote to chasing 
the last few malaria cases and ensuring the 
disease doesn’t come back. 

Feachem and the Malaria Elimination 
Group have published a 200-page pro- 
spectus, Shrinking the Malaria Map, that 
is essentially a how-to manual for getting 
local transmission to zero. In it they opti- 
mistically identify 39 countries as “elimi- 
nators” on the margins (see map, p. 849). 
Some of them, such as Haiti and the Domin- 


ican Republic, will be at best an enormous 
challenge (see sidebar, below). 

Getting from low to zero transmission 
anywhere is a big leap, Feachem says. In 
addition to continuing high-level control 
with existing tools, it requires an exquisitely 
sensitive surveillance system to detect and 
treat every case and monitor for the para- 
site’s return once it has been eliminated. 
Reintroduction is a huge threat—success 
totally depends on your neighbors, explains 
Feachem. That’s why islands are considered 
the lowest of the low-hanging fruit. 

Four countries at the southern tip of 
Africa, where malaria transmission is now 
low, illustrate the challenges. South Africa, 
Swaziland, Botswana, and Namibia have 
declared their intention to eliminate malaria 
by 2015. The ambitious goal has been met 
with “skepticism,” says Oliver Sabot of 


the Clinton Health Access Initiative, but 
CHAL in partnership with the UCSF Global 
Health Group, is helping those four coun- 
tries achieve it. South Africa and Swaziland 
are making steady progress, Sabot says; 
Namibia and Botswana less so. Namibia 
boasts a strong health care system and 
good malaria control, he says, but it shares 
a border with Angola, which “has virtually 
no health care system and no control, and 
there is nothing to stop malaria from flow- 
ing across the border.” 

Robert Snow, who heads the Malaria 
Public Health and Epidemiology Group in 
Nairobi, is one of the skeptics. “Elimina- 
tion costs a huge amount of money. Some of 
those are very poor countries. Is it an appro- 
priate goal given the other health problems 
they face?” he asks. 

Sabot contends that shrinking the map 


Elimination Meets Reality in Hispaniola 


There is absolutely no reason for malaria to persist on the island of Hispan- 
iola, says Donald Hopkins, longtime disease fighter and vice president for 
health programs at the Carter Center in Atlanta. All the other islands in the 
Caribbean have rid themselves of this mosquito-borne disease. And the 
Dominican Republic (D.R.), which shares the island with Haiti, has driven 
cases to remarkably low levels. By many counts, the country is well on 
the path to elimination, its stated aim. But it can’t get there unless Haiti, 
where malaria is rife, achieves the same goal. Hispaniola’s fledging pro- 
gram to eliminate malaria, now sidetracked by the earthquake, illustrates 
the difficulties that arise when ambitious goals collide with reality. 

In 2006, Haiti reported 33,000 confirmed cases of malaria; experts at 
the U.S. Centers for Disease Control and Prevention (CDC) peg the num- 
ber at closer to 200,000 and warn that it may surge as the million or so 
people displaced by the 12 January earthquake remain in crowded camps 
with no protection from mosquitoes and the rainy season upon them. The 
D.R., by contrast, reports about 3000 cases a year, a number believed to 
be fairly accurate, and those are found mostly along the border with Haiti 
and among migrants from that impoverished country. Still, the D.R.’s suc- 
cess in slashing cases—and the successes of the neighboring islands in 
wiping out the disease—show that malaria elimination on Hispaniola is 
technically feasible. 

The biology is certainly obliging. Hispaniola is one of the few places in the 
world where the malaria parasite is still susceptible to chloroquine, a cheap 
and safe drug. Just one parasite, Plasmodium falciparum, transmits malaria 
on the island, as opposed to several in Africa, and although it causes the most 
lethal form of malaria, it is relatively susceptible to treatment. 

There’s just one vector, too—Anopheles albimanus, or “white hands,” 
because of its distinctive white legs—and it is not very good at transmis- 
sion, explains Angel Solis, an entomologist working with the Dominican 
health ministry. Unlike A. gambiae, the main vector in Africa, albimanus 
does not preferentially bite humans; a cow makes a fine meal. Nor does it 
prefer to bite indoors, where humans congregate—all factors that contrib- 
ute to relatively low transmission there compared with Africa. 

Finally, as an island, Hispaniola is protected by vast expanses of ocean, 


Reaching out. Community health worker Jonel Mompremier pricks a boy's 
finger to test his blood for malaria parasites in Ouanaminthe, Haiti. 


with no other malaria-endemic countries nearby. So if the parasite can be 
eliminated, chances are low that it will get back in. 

Richard Feachem and colleagues at the University of California, San 
Francisco, have flagged Hispaniola as an “eliminator” on their malaria 
map (see main text, p. 849). And in 2006, the International Task Force for 
Disease Eradication (ITFDE), an expert group Hopkins chairs at the Carter 
Center, declared malaria elimination from Hispaniola “technically feasi- 
ble, medically desirable, and ... economically beneficial.” 

But there is more to elimination than favorable biology, says 
Robert Newman, head of the Global Malaria Programme at the World Health 
Organization. A country or region must have a strong health system, lots of = 
money, and a government or donors willing to invest in surveillance long 
after the disease has disappeared. “All the stars must be aligned,” he says. 
Even before the earthquake, Haiti's malaria program, and even its public 
health system, essentially existed in name only. “There is a lack of nearly 
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gives countries that have already controlled 
malaria a much-needed goal: “The whole 
idea of shrinking the map is to give them a 
future to look to.” But even he worries that 
some countries, such as Ghana and Nigeria, 
are jumping on the elimination bandwagon 
prematurely, “without an awareness of what 
it actually means” either technically or finan- 
cially. “From what we see so far, the expec- 
tation that a high-burden country can dra- 
matically reduce funding for malaria once 
elimination is achieved is often false.” 
Everyone agrees that “before going 
down the chute” of elimination, each coun- 
try should conduct a rigorous feasibility 
assessment, says Robert Newman, head of 
the Global Malaria Programme at the World 
Health Organization (WHO). Unfortunately, 
he says, the data needed are sorely lacking. 
He and other experts laud Feachem’s group 


and CHAI for leading the way in collect- 
ing them, and they point to a recent analysis 
CHAI and others did with the government of 
Zanzibar as the gold standard. 

Zanzibar is one of the poster children for 
aggressive malaria control. With donor help, 
the islands massively scaled up interventions 
and reduced transmission dramatically. Now 
the government is grappling with what to do 
next, says Sabot: concentrate on sustaining 
those gains or try to stop transmission on the 
islands altogether? 

The CHAI analysis concluded that 
malaria elimination in Zanzibar is techni- 
cally feasible but would be “very challeng- 
ing” both operationally and financially. “It 
would likely be substantially more costly 
than maintaining control” for the next 
20 years, Sabot says. What tipped the scales 
is the risk of reintroduction. Although it’s 
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surrounded by water, Zanzibar is very close 
to mainland Tanzania, where malaria trans- 
mission is robust, and “‘there’s a ferry every 
hour,” says Newman. And once the parasite 
got in, it would quickly resurge, given the 
efficiency of the vector there. 

“Many of us were surprised the feasi- 
bility assessment said that it is not practi- 
cal in the near term,” says Newman. “And 
if an island setting shows elimination is 
challenging now, it will be challenging in 
other areas.” Newman says WHO plans to 
work with the Malaria Elimination Group to 
develop evidence-based guidelines to help 
countries decide whether to move from con- 
trol to elimination. “Data and assessment 
should drive public health policy. You don’t 
want to set policy on enthusiasm, but you 
don’t want to rain on it either.” 

—-LESLIE ROBERTS 
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everything in Haiti,” says Nguyen-Dinh Phuc, a malariologist recently retired 
from CDC who has worked extensively on the island. “For malaria, they don’t 
have enough people trained in microscopy; they don’t have Ph.D. entomolo- 
gists, or epidemiologists with expertise in malaria surveillance.” 

Even so, after ITFDE’s proclamation, the Carter Center decided 


_ HISPANIOLA 


to see if it could prod the two countries to collaborate 
to eliminate malaria and another mosquito-borne 


disease, lymphatic filariasis (Science, 5 Febru- 
ary, p. 634). The odds were against them, as 
elimination requires cross-border coopera- 
tion. “There was a lot of wariness between the 
two countries,” says Hopkins. “The impetus to 
collaborate was not strong.” 

But the benefits far exceeded the risk of fail- 
ure, Hopkins says. With a small amount of money 
and a considerable amount of technical expertise, 
the Carter Center helped launch a pilot project in 
2008 in the border towns of Dajabon, D.R., and 
Ouanaminthe, Haiti, which straddle the infamous 
Massacre River. The location, the site of one of the 
bloodiest encounters between the two countries, 
was chosen deliberately: Not only is it a hot spot 
of transmission, but experts reasoned if the two 
could collaborate there, they could anywhere. 

As part of the pilot project, Dominican 
malaria experts have been giving their Hai- 
tian counterparts a crash course in the malaria- 
fighting techniques the D.R. has long employed. 
They include active surveillance to track down 
every single malaria case; the replacement of 
presumptive treatment, in which any person 


with fever is treated for malaria, with confirmed laboratory diagnosis; and 
fast and free treatment with chloroquine to address the illness and pri- 
maquine to help reduce disease transmission. The campaign also includes 


2 


vector-control measures, such as bed nets and insecticide spraying, and 
monitoring for any signs of drug resistance. 

Within a year and a half, the project, led by David Joa Espinal on the 
Dominican side and Joanel Mondestin on the Haitian, had trained 10 commu- 
nity health workers, distributed 1200 bed nets, hired and trained 

three microscopists, and bought four microscopes, 
11 motorbikes, two computers, and 37 cell phones. 


It was such a success, albeit a modest one, 
that in October 2009, with former President 
Jimmy Carter at their side, the health min- 
ister of each nation unveiled a binational 
plan to scale up these efforts across the 
entire island. The price tag: $194 million 
over 10 years. Both presidents endorsed the 
plan, and Carter vowed to lobby the donor 
community for support. 

Then the earthquake hit, and more urgent 
needs claimed priority. But as Haiti recov- 
ers, Hopkins and colleagues hope the idea of 
eliminating malaria and lymphatic filariasis 
can be revived. 

The first order of business is to build 
a functioning public health system, with 
malaria control as a key component, says 
Larry Slutsker, who heads the malaria branch 
at CDC. Since the earthquake and several 
malaria outbreaks, CDC has had a team of 


Easy access. Malaria hitches a ride into the D.R. with 
the throngs of Haitians who cross the Massacre River 
on market day. 


malariologists on the ground to try to estab- 
lish the rudiments of a control program in 
Port-au-Prince. 

“Let's keep the elimination goal—it is 
great to have a plan, and benchmarks—but let's be realistic about what 
needs to be done first,” says Slutsker. -L.R. 
Leslie Roberts visited Dajabon and Ouanaminthe on a reporting trip in October 2009. 
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Tuberculosis: What We Don't Know 
Can, and Does, Hurt Us 


David G. Russell,?* Clifton E. Barry 3rd,” JoAnne L. Flynn? 


Mycobacterium tuberculosis has a penetrance of its host population that would be the envy of most 
human pathogens. About one-third of the human population would have a positive skin test for 
the infection and is thus thought to harbor the bacterium. Globally, 22 “high-burden” countries 
account for more than 80% of the active tuberculosis cases in the world, which shows the 
inequitable distribution of the disease. There is no effective vaccine against infection, and current 
drug therapies are fraught with problems, predominantly because of the protracted nature of the 
treatment and the increasing occurrence of drug resistance. Here we focus on the biology of the 


host-pathogen interaction and discuss new and evolving strategies for intervention. 


uberculosis (TB) is a disease that, in the 

Western world, is held in check by effec- 

tive public health systems that compensate 
for the relative shortcomings of current interven- 
tion strategies. However, because of the lack of 
vaccines and the need for new, faster-acting 
drugs, it is unclear how the disease can ever be 
controlled in the countries where it is truly en- 
demic. In addition, as highly drug-resistant strains 
continue to evolve, we face the risk of losing 
control even in the industrialized world. Despite 
recent increases in research activity, we remain 
hampered by large gaps in our knowledge of the 
biology of this pathogen (Table 1). An increased 
appreciation of the bottlenecks in the life cycle 
of Mycobacterium tuberculosis (Mtb) should fa- 
cilitate development of new intervention strat- 
egies that are applicable to those countries most 
in need. 


The Life Cycle of M. tuberculosis 


Infection with Mtb follows a pattern of events 
that have been established through animal models, 
as well as observations from human TB (/, 2) 
(Fig. 1). The infectious bacilli are inhaled as 
droplet nuclei that have been exhaled into the 
atmosphere. These droplets are small enough to 
remain airborne for several hours. Estimations 
of the minimum infectious dose range from a 
single bacterium upward. Our understanding 
of the initial stages of infection in the lung is 
mainly through inference; it is generally believed 
that the bacteria are phagocytosed by alveolar 
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macrophages, which then invade the subtending 
epithelial layer. This induces a localized inflam- 
matory response that leads to recruitment of 
mononuclear cells from neighboring blood ves- 
sels, providing fresh host cells for the expand- 
ing bacterial population. These cells are the 
building blocks of the granuloma, which is the 
defining pathologic feature of this disease. Ini- 
tially the granuloma is an amorphous mass of 
macrophages, monocytes, and neutrophils; how- 
ever, the macrophages differentiate into several 
specialized cell types, including multinucleated 
giant cells, foamy macrophages, and epithe- 
lioid macrophages. With the development of 
an acquired immune response and the arrival 
of lymphocytes, the granuloma acquires a more 
organized, stratified structure. The macrophage- 
rich center becomes surrounded by a mantle 


of lymphocytes that may be enclosed within a 
fibrous cuff that marks the periphery of the 
structure. 

The appearance of Mtb-specific lymphocytes 
about 2 to 3 weeks postinfection marks the end 
of the phase of rapid bacterial replication and 
the onset of a “containment” state that, in mice, 
is characterized by relatively stable bacterial 
numbers. At this time, the granuloma is exten- 
sively vascularized, and cells are actively re- 
cruited to the site of infection. In granulomas 
exhibiting the pathology associated with dis- 
ease progression, the fibrous sheath becomes 
more marked, and the number of blood vessels 
that penetrate the structure diminishes. There is 
also an increase in the number of foamy mac- 
rophages, which may be responsible for the 
increase in caseous debris in the center of the 
granuloma (3). At these “late” stages, the case- 
ous portion of the granuloma becomes hypoxic 
(4), a condition that can induce a state of non- 
replicative persistence in Mtb in culture. Histol- 
ogy of infected tissues from immunocompetent 
patients with active TB reveals granulomas in 
all states of development from containment to 
active disease, which implies that the fate of each 
granuloma is determined locally, not systemi- 
cally. Active granulomas exhibit extensive pa- 
thology, and, ultimately, the granuloma ruptures 
and spills thousands of viable, infectious bacilli 
into the airways (5), which results in the devel- 
opment of a productive cough that facilitates 
aerosol spread of infectious bacilli. 

Recent observations in human TB patients 
indicate that neutrophil influx in late-stage disease 
may also contribute to the tissue damage and the 
dissemination of infectious bacteria into the air- 


Table 1. Problems with prevention of and treatment for Mtb and shortcomings of current intervention 


strategies. 


Global issue 


Failure to provide consistent 
infrastructure support for health care 

Failure to develop effective diagnostic 
and disease status indicators 
(biomarkers) 


Underlying regional problems 


- Inadequate public health sector in many regions 

- Variation in disease manifestations across individuals 

- Inadequate testing for drug susceptibility and resistance 

- Reliance of current diagnostics mostly on the host 
immune response 


- Poor correlation of bacterial load in sputum 
with disease status or outcome 
- Lack of any indicators of lung pathology or health 


Failure of bacillus Calmette-Guérin 
(BCG) vaccination to protect 
adult pulmonary TB 


- Variability in host response to vaccination 
- Variability between BCG vaccine strains 
- Variability in bacterial strains causing infection 


- Variability in host genetics and/or the environment 


Failure of chemotherapy to cure 
many patients with TB 


- Length of therapy makes compliance difficult 
- Individual lesion types respond at different rates 


- Drug-tolerant bacteria develop subpopulations 
- New drug-resistant strains emerge frequently 


Failure of target-based drug discovery 
programs 


- Antibiotic killing involves complex biological processes 
- Genetic essentiality is not related to target vulnerability 


- Whole-cell screenings are not performed under 
conditions relevant to in vivo infection 
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Fig. 1. The life cycle of M. tuberculosis. The infection is initiated when Mtb bacilli, present in exhaled 
droplets or nuclei, are inhaled and phagocytosed by resident alveolar macrophages. The resulting 
proinflammatory response triggers the infected cells to invade the subtending epithelium. This response 
also leads to the recruitment of monocytes from the circulation, as well as extensive neovascularization of 
the infection site. The macrophages in the granulomas differentiate to form epithelioid cells, multinucleate 
giant cells, and foam cells filled with lipid droplets. The granuloma can become further stratified by the 
formation of a fibrous cuff of extracellular matrix material that is laid down outside the macrophage layer. 
Lymphocytes appear to be restricted primarily to this peripheral area. Many of the granulomas persist in 
this balanced state, but progression toward disease is characterized by the loss of vascularization, 
increased necrosis, and the accumulation of caseum in the granuloma center. Ultimately, infectious bacilli 
are released into the airways when the granuloma cavitates and collapses into the lungs. [Adapted with 
permission from Macmillan Publishers Ltd. (3)] 


ways (6). Modern imaging observations on human 
TB stress that the balance between containment 
and disease progression is complex and highly 
dynamic and appears to be a local phenomenon 
involving differential progression of individual 
granulomas within a single individual (7). 


Immune Protection Through Vaccination 

A preexisting, specific immune response against 
Mtb, acquired through vaccination or a chemo- 
therapeutically resolved infection, has an impact 
on the course of TB (8) (Fig. 2). The immune 


www.sciencemag.org SCIENCE VOL 328 


host is not protected against infection, but pro- 
gression to containment occurs earlier, and at a 
lower bacterial load. In most animal models, 
bacterial containment is achieved with 1/10th 
as many bacteria as would be found in the lungs 
of a naive animal. At the human population level, 
this would make a substantial difference, be- 
cause progression to disease is linked directly to 
bacterial load. If disease is determined at the 
level of the individual granuloma, then the pres- 
ence of fewer granulomas may reduce the chance 
of developing active disease. 
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Although the contribution of antimicrobial 
effectors has been established in mice (9, /0), 
the relative hierarchy of immune-mediated kill- 
ing mechanisms in humans is unclear. However, 
from the increased susceptibility of HIV’ hu- 
mans, we infer that CD4 T cells are important in 
the control of human TB. Similarly, the use of 
tumor necrosis factor (TNF)-neutralizing agents 
for treatment of inflammatory diseases substan- 
tially increases the risk of TB, which suggests 
that the level of this cytokine is critical to the 
balance between disease control and pathology 
(J/-14). From these data and studies of genetic 
mutations that predispose humans to TB (/5), 
we infer that, similarly to mice, macrophage 
activation in humans is central to the control of 
infection. 


BCG: It’s Not for Everyone 


Bacillus Calmette-Guérin (BCG) is the only ap- 
proved vaccine against TB. It was developed 
though the serial in vitro passage of M. bovis 
until it became nonpathogenic. It is used in 
countries with endemic TB because it protects 
children against severe forms of disease, such as 
TB meningitis or disseminated infection. How- 
ever, although effective against development of 
TB in some countries such as the United 
Kingdom (16), its efficacy has been questioned 
in several studies, most notably in India, where 
very limited (or no) protection has been re- 
ported (/7). There are three main hypotheses 
as to why BCG works in some populations but 
not in others. First, BCG has become too atten- 
uated through culture, and modern preparations 
of the vaccine are too benign to generate ade- 
quate protective immunity (/8). Second, expo- 
sure of infants to environmental mycobacteria 
in countries like India could lead to tolerance 
(19-21) or, third, clearance of the BCG in some 
populations may occur before development of 
a protective immune response. Clearly, as we 
move forward with new vaccine constructs, it 
is vital that we better understand the limitations 
of BCG-induced protection, so that a new vac- 
cine can be effective in those countries where it 
is most needed. 

New anti-TB vaccination strategies can be 
divided into three broad categories. First, improv- 
ing BCG by adding or overexpressing strongly 
immunogenic Mtb antigens, which would enhance 
and broaden the immune responses induced by 
the recombinant bacterium (22-24). Second, at- 
tenuating strains of Mtb through the deletion of 
genes for specific metabolic pathways required 
for survival or full virulence (25-27). And third, 
the use of prime-boost strategies that direct and 
amplify an initial “protective” immune response 
through subsequent inoculation with viral vec- 
tors encoding Mtb antigens or protein subunits 
(28-33). 

However, if the protective immune response 
to these strains is subject to the same environ- 
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mental factors that limit the effectiveness of 
BCG in humans, then we have not progressed. 
This may, however, be circumvented through 
the prime-boost strategy of supplementing vac- 
cination with BCG, or recombinant strains, with 
nonreplicating adenovirus or vaccinia virus strains 
encoding Mtb antigens (28-33), which could 
supplement existing BCG vaccination programs, 
although this too has met with mixed results 
(30, 32). 


Transition into the Field 


So, given the limited efficacy of immune protec- 
tion, where would vaccines be most useful in 
combating TB? Vaccination could play an im- 
portant role in reducing transmission in areas 
that have a low incidence of HIV, particularly if 
there are multidrug resistant (MDR) strains of 


Naive host 


Vaccinated host 


Bacterial load 


Time 


Fig. 2. The bacterial load in naive and immune hosts. The course 
of Mtb infection in naive and immune hosts follows a repro- 
ducible pattern in the mouse model. After infection, the bacteria 
replicate exponentially for a period of time until the host de- 
velops an acquired immune response, which limits bacterial 
replication. At this time, the infection makes a transition to a 
state of persistence or chronicity where the bacterial load is sus- 
tained at a relatively constant level. Transition into this persistent 
state occurs earlier in a vaccinated host or a host that has been 
infected and treated chemotherapeutically. In mice vaccinated 
with BCG, this transition occurs with a bacterial load that is about 
1/10th that of a naive host. The transition into persistence is 


marked by the development of a granuloma. 


Mtb present. However, the impact of vaccination 
on populations with high incidence of HIV, such 
as sub-Saharan Africa, is open to question. Trans- 
mission of TB appears to be less efficient in HIV 
patients because a robust immune response is a 
major contributor to the pathology required for 
transmission (34-36). However, in areas where 
the coincidence of HIV and M¢b infections ex- 
ceeds 80% of TB cases, this is unlikely to have 
a discernible impact. We have yet to see if these 
new modified vaccine strains will improve the 
protection afforded by BCG or will recapitulate 
the absence of efficacy of BCG vaccination among 
ethnic groups most at risk from the disease. The 


Approx 1 log 
fewer bacilli 


Containment = granuloma formation 


changing landscape of circulating hypervirulent 
strains, such as the immunosuppressive Beijing 
lineage, which may have emerged in response 
to BCG vaccination, also interjects some caution 
into extrapolation from results generated in the 
laboratory (37, 38). 


Chemotherapeutic Intervention 


Current chemotherapeutic regimens require more 
than 6 months’ treatment with multiple drugs. 
Such regimens are plagued with issues of patient 
noncompliance, inadequate health-care oversight, 
and the increasing proliferation of drug-resistant 
strains. The need for fast-acting, effective med- 
ications for use in resource-poor countries is 
immediate. 

The balance of the physiological state(s) of 
the bacterial population inside the granuloma 
during the dynamic alterations in its 
structure is clearly central to per- 
sistence and progression to disease. 
Research involving bacterial strains 
defective in genes critical to various 
metabolic pathways has revealed 
different defects during the course 
of the infection cycle in mice. This 
implies, not surprisingly, that the bac- 
terium regulates its metabolism dif- 
ferentially during the progression of 
disease (7). Such metabolic shifts 
could be driven by the availability of 
certain nutrients or carbon sources, 
the aerobic or hypoxic nature of the 
granuloma, or the level of stress in- 
duced by various infected host cells 
and the immune response. Because 
of the variability between granu- 
lomas within a single infected indi- 
vidual and their highly differentiated 
internal structure, granulomas offer 
an extremely diverse range of envi- 
ronments for Mtb. 

In a contained lesion, the bacte- 
rial load appears relatively static, and 
it has been hypothesized that the 
bacteria are in a nonreplicative state 
of vegetative metabolism (39, 40). 
However, more recent work moni- 
toring bacterial replication via an 
unstable “clock” plasmid indicates that the bacte- 
rial population, even in apparently stable lesions, 
continues to undergo replication (4/). It is un- 
likely that there is a simple binary distribution of 
bacteria between replicating and nonreplicating 
status, and even within a single granuloma, there 
are likely to be multiple local microenvironments 
supporting unique bacterial populations. The 
drugs that are currently in common usage pref- 
erentially target replicating organisms; therefore, 
a nonreplicative subpopulation of the bacteria 
present in the persistent or “latent” infection will 
show innate resistance to drugs. The innate re- 
sistance of nonreplicating Mtb may contribute 


substantially to the protracted treatment period 
required in current therapeutic regimens. 


Bacterial Metabolism During Infection 


Although the murine model for TB is imperfect, 
it has proven to be an extremely useful tool in 
probing some of the metabolic shifts required to 
sustain a bacterium transitioning from rich broth 
into an in vivo infection (42, 43). One good ex- 
ample of a metabolic shift required to support 
infection is the realignment of the bacterium’s 
lipid metabolism. Isocitrate lyase activity is re- 
quired to sustain Mtb infection in the chronic 
phase of infection in the murine model (44). The 
enzyme appears to fulfill a detoxification func- 
tion, controlling propionate levels when the bac- 
terlum uses specific carbon sources, such as 
cholesterol (45-49), which has been invoked as 
a nutrient during the persistent phase of infection 
(46, 50). 

Recent studies with the hypoxia indicator 
pimonidazole, coupled with direct measurements 
with an oxygen probe in lesions of primate and 
rabbit models, have confirmed previous specu- 
lation that the inner regions of a fully stratified 
granuloma have extremely low, but detectable, 
oxygen tension (4). This has implications for tis- 
sue pathology, but it may also affect the meta- 
bolic state of the bacterium, which up-regulates 
the DosR regulon to promote survival and re- 
emergence into the growth state (5/). 


Drug Discovery Programs: Introduction of 
Realism at the Level of Screening 


Drug discovery programs for the identification 
of novel targets, as well as new antimicrobials, 
are few and far between. The more traditional 
methods of target-based discovery and remod- 
eling of recognized scaffolds have pretty much 
exhausted known possibilities. The search for anti- 
infectives, as a field, has placed an inappropriate 
emphasis on the need to demonstrate genetic 
“essentiality” for any target, which is based on 
the misplaced assumption that genetic knockouts 
can be phenotypically copied by small-molecule 
inhibitors of metabolic pathways. We need to 
shift our mind-set from the discovery of essen- 
tial gene products to appreciating the subtle 
holistic interactions between pathways and gene 
products that are required for survival in the 
many different microenvironments of the host. 
Increasingly sophisticated cell-based screens 
of Mtb in a variety of conditions that simulate 
the multiple microenvironments of the host are 
needed to identify those metabolic breakpoints 
that could feed new target-based development 
programs. From both the basic and the trans- 
lational science aspects, understanding the ad- 
aptation of the organism and its points of 
vulnerability under various environmental con- 
ditions represents a logical pathway toward 
agents potent within the granuloma that may 
shorten therapy. Just as important is a better un- 
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Start of therapy 


~~ 


2 months later 


Fig. 3. Imaging disease progression in humans. 18-Fluorodeoxyglucose (FDG) PET and CAT scans from 
a patient with pulmonary TB: (left) at the time when therapy was initiated and (right) 2 months after 
treatment has begun. Below are two matched CAT slices from the area indicated by the plane on the 
left taken from the same scans. FDG is primarily a marker of increased tissue metabolism, such as 
inflammation, whereas CAT shows the structural abnormalities within this patient's lungs. Both sets of 
images illustrate the wide range of lesion types occupied by Mtb during infection that show differential 


kinetics of response to chemotherapy. 


derstanding of the microenvironments experi- 
enced by the bacterium in the human host, so 
that these can be replicated in vitro. As one 
example, screening directly on Mtb-infected mac- 
rophages in differing states of activation would 
incorporate many of the host-mediated pressures 
responsible for inducing the different replicative 
and nonreplicative states of Mtb observed in the 
human host (52). 


Missing Tools 


As the field moves forward to evaluate new drugs 
and vaccines, we are clearly lacking some of the 
most basic tools for assessing efficacy. The mouse 
model fails to form granulomas that reproduce 
the tissue environments seen in humans. Accu- 
rate reproduction of these environments is likely 
to be important to both chemo- and immuno- 
therapy. Rabbits and guinea pigs generate a 
tissue response that appears more comparable to 
that of humans, but it still requires validation in 
both human and primate infections (4, 53-56). 
Rigorous studies comparing the disease in ani- 
mal models to that of human disease are crucial 
to defining the validity of each model system. 
The second critical shortcoming in our port- 
folio is the complete absence of any biomarkers 
for disease status (57). In mice, one can isolate 
tissues and count colony-forming units to deter- 
mine the progression of disease in the context of 
bacterial replication, but we cannot do this in 
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humans. There is no simple, noninvasive means 
of assaying whether an individual is containing 
his or her infection or progressing to active dis- 
ease. The diagnostic tests in common usage today 
merely measure whether or not an individual has 
mounted an immune response to Mtb. Given 
that progression to disease is determined local- 
ly, at the level of the individual granuloma, it is 
unclear if we will ever be able to develop bio- 
markers for disease progression based on sys- 
temic readouts of immune status (58). Recent 
advances in positron emission tomography (PET)- 
and computerized axial tomography (CAT) 
based imaging modalities have the potential to 
fill this gap (Fig. 3), but the relation between the 
observed pathology and bacterial burden has yet 
to be established. Because such imaging is not a 
practical method for diagnosing TB in the field, 
studies correlating comparable imaging data with 
immune responses or metabolites measurable in 
readily obtainable human samples (blood and/or 
urine) should be undertaken in an attempt to 
identify possible biomarkers of infection and 
disease. This is an extremely serious gap in moving 
new therapies into the field where, currently, im- 
pact becomes apparent only after many years. 


Conclusions and the Cold Slap of Reality 

The development of new drugs and vaccines is 
sorely needed, but they are not the complete 
answer. Tuberculosis is an infection that can be 
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held in check by an effective public health sys- 
tem. Failure of the local health-care system can 
lead to the systematic selection and spread of 
drug-resistant strains, as recently observed in the 
KwaZulu-Natal province of South Africa, where 
extensively drug-resistant (XDR) strains resistant 
to as many as seven drugs are being observed 
(59-61). During the period leading up to the 
identification of these XDR strains, the health- 
care program in this region was in disarray, with 
only 18% of sputum-positive and 29% of hos- 
pitalized TB patients completing their treatment 
regimen. The coincidence of HIV was 80% in TB 
patients in this region, and there was no testing 
for drug-resistance conducted on the M¢b strains 
from patients. It is postulated that failed treat- 
ment regimens, in combination with the absence 
of drug-resistance testing, led to the selection 
and spread of these lethal strains. 

The importance of an appropriately resourced, 
effectively managed public health system cannot 
be overstated. Even the best drugs or vaccines in 
the world will fail without an effective health- 
care infrastructure to administer and monitor 
their application. It is only through the combina- 
tion of drugs, vaccines, and public health surveil- 
lance that we can hope to break the cycle of 
transmission, whereby each TB patient is respon- 
sible for one or more new cases of active disease. 
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REVIEW 


The Population Dynamics and 
Control of Tuberculosis 


Christopher Dye** and Brian G. Williams” 


More than 36 million patients have been successfully treated via the World Health Organization’s 
strategy for tuberculosis (TB) control since 1995. Despite predictions of a decline in global 
incidence, the number of new cases continues to grow, approaching 10 million in 2010. Here we 
review the changing relationship between the causative agent, Mycobacterium tuberculosis, and its 
human host and examine a range of factors that could explain the persistence of TB. Although 
there are ways to reduce susceptibility to infection and disease, and a high-efficacy vaccine would 
boost TB prevention, early diagnosis and drug treatment to interrupt transmission remain the top 
priorities for control. Whatever the technology used, success depends critically on the social, 
institutional, and epidemiological context in which it is applied. 


century or more of social and economic 
Aver reinforced by the postwar dis- 

covery of efficacious drugs, had driven 
tuberculosis (TB) to low levels in the rich world 
of the 1980s. With no systematic evaluation of 
data from developing countries, no forewarning 
of the impending spread of HIV/AIDS or of the 
demise of the Soviet Union, and no coherent 
approach to control, TB was invisible to inter- 
national donors and taken to be a fact of life in the 
most-affected parts of the world. 

Four events put TB firmly on the global health 
agenda. First, the 1990 Global Burden of Disease 
Study (GBD 1990) identified TB as one of the top 
10 causes of morbidity and mortality worldwide. 
TB became prominent in health statistics because 
untreated disease, with a case fatality rate of 
around 50%, cost millions of young adults dec- 
ades of healthy life. Second, GBD 1990 and 
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subsequent analyses began to measure the impact 
of the spread of HIV/AIDS and the health con- 
sequences of social and economic crisis in east- 
ern Europe. Third, clinical and economic studies 
showed that combination drug treatment for TB 
was among the most effective and cost-effective of 
all health interventions. Fourth, in response to all 
these observations, the World Health Organization 
(WHO) launched a new control strategy, based on 
Directly Observed Treatment and Short-course 
drug therapy (DOTS). 

In 2006 the Stop TB Strategy added new 
elements to DOTS, articulating the importance of 
managing drug-resistant and HIV-associated TB 
and of engaging the many different participants in 
health care. Twenty years on, systematic monitor- 
ing and evaluation have revealed both successes 
and failures of DOTS and the Stop TB Strategy. 
Among the successes, 36 million patients were 
treated worldwide between 1995 and 2008, and up 
to 8 million deaths were averted (7). WHO’s target 
cure rate of 85% was exceeded in the 2007-2008 
global cohort of 2.7 million new sputum smear- 
positive patients, and case detection in 2008 
reached an estimated 61%, close to the 70% 


target. A combination of surveys, surveillance, 
and mathematical modeling suggests that targets 
of halving 1990 levels of prevalence and mortality 
by 2015 could be reached in four of six WHO 
regions. The exceptions are Africa (sub-Sahara) 
and Europe (former Soviet countries). 

Worldwide, TB incidence per capita is falling 
at an estimated 1% per year. Although this slow 
rate of decline satisfies the Millennium Develop- 
ment Goal (MDG) for TB, which is to ensure that 
the incidence rate is falling by 2015, the world’s 
population is growing at about 2% per year, so 
the total number of new TB cases is still rising 
(J). There are expected to be 9.8 million new 
cases in 2010, more than in any previous year in 
history. Eighty percent of these cases will be 
found in the 20 to 25 highest-burden countries, 
and more than one-third in India and China. A 
review of cases reported by 134 countries be- 
tween 1998 and 2007 found that only 35 had per 
capita rates of decline exceeding 5% per year (2). 
These were countries with either small populations 
(<20 million) or high incomes [gross domestic 
product (GDP) > US$10,000 per capita]. Inci- 
dence rates were increasing in 41 countries, 19 in 
sub-Saharan A frica. 

With MDG target year 2015 now in sight, we 
examine here a range of factors that affect TB 
burden and trends, and which could explain why 
drug treatment programs have had such little 
impact on TB transmission and case load. 


TB Epidemiology and Control: The Standard Model 


The expected effects of control are derived from 
the standard model of TB natural history in which 
the pathogen, Mycobacterium tuberculosis, 1s 
considered a single entity and the response to 
lung infection is represented by two dichotomies: 
fast (primary progression) or slow transition (via 
latency) from infection to infectious or nonin- 
fectious disease (Fig. 1) (3). This compartmental- 
ization simplifies the natural history, makes 
epidemiological calculations easier, and facilitates 
the management of patients who can be placed in 
a few distinct categories. DOTS and the Stop TB 
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Strategy have given priority to patients that 
present at clinics with infectious, sputum smear- 
positive TB, as reflected in the WHO targets for 
case detection and cure. 

The standard model has been formalized 
mathematically in various ways (4); one inter- 
pretation predicts that TB incidence per capita 
will fall at 5 to 10% per year when target values 
of case detection (70%) and cure (85%) have 
been exceeded (5). These results were derived 
mainly from the large-scale impact of drug 
treatment in Europe and North America after 
1950. In England and Wales, as in the United 
States, the number of new TB cases per capita fell 
by 5 to 6% annually for 30 years and TB deaths 
at 9 to 10% annually (Fig. 2A). On a smaller 
scale, among Eskimo communities, intensive 
drug treatment supplemented by isoniazid pre- 
ventive therapy has achieved even faster rates of 
decline in cases (13% per year) and deaths (30% 
per year) (6). 

These early achievements in Europe and North 
America defined expectations for high-burden 
countries in the developing world, and there have 
been a few successes. To pick just one, Estonia has 
reversed the post-Soviet rise in TB, cutting the 
numbers of cases and deaths and case fatality, and 
pushing down multidrug-resistant TB (MDR-TB) 
at least as quickly as drug-sensitive TB (Fig. 2B) 
(7, 8). Estonia has shown what can be done with a 
good control program, but their achievement 
remains exceptional. Nearly two decades after 
the formulation of DOTS, and more than half a 
century after the development of combination 
therapy, the potential of drugs to reduce transmis- 
sion has been only partly realized (Fig. 2, C and D) 
(J). We now look for explanations, by examining 
characteristics of the pathogen and its transmis- 
sion, of humans as hosts, and of the structure of 
pathogen and human populations. 


Certain Strains of M. tuberculosis Are 

More Transmissible Than Others 

Before phenotypic (e.g., sensitivity to drugs) and 
genotypic (e.g., DNA fingerprinting) variation 
among strains could be observed, there was some 
justification for treating MM tuberculosis as a 
single organism. But as the analysis of genetic 
variation has become faster and cheaper, using a 
greater range of discerning techniques, much 
information has emerged about M. tuberculosis 
as a family of strains and lineages. Some of this is 
old biology, newly uncovered; other findings 
show how TB epidemiology is changing in the 
world today. Recent investigations have revealed 
hypervariable regions of the genome (9), the 
evolutionary origins of the M. tuberculosis 
complex (/0), how this pathogen has spread 
around the world from African origins (//), and 
which genes code for drug resistance (/2, /3). The 
data have demonstrated variation in the evolution- 
ary fitness of drug-resistant Beijing and other 
strains, that different strains spread more or less 
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Fig. 1. Compartmental model of tuberculosis transmission, infection, reinfection, reactivation, and 
disease. Latent infection is commonly identified by a tuberculin skin test. Cavitary lung disease is most 
infectious (lower chest x-ray); noncavitary (upper chest x-ray) and extrapulmonary disease are less infectious 
or noninfectious. In the simplest mathematical models, TB is assumed to exist in a closed population, with 
no immigration or emigration and a constant number of people at each age (3). [Credits: “Protect” poster: 
American Lung Association/National Library of Medicine; “Latent”: Bart's MedicalLibrary/Phototake; x-rays: 


Wellcome Images] 


quickly through populations, and that there are 
strains more and less capable of causing active TB 
(7, 14-18) (Fig. 3A). From all this work it is clear 
that parameters of the standard model, as they 
relate to the characteristics of M. tuberculosis, vary 
among strains and settings, and through time. The 
magnitude of this variation and its epidemiological 
consequences are largely unquantified, though the 
success of control programs may depend on it. 


Numerous Human Genetic Polymorphisms 
Are Linked to TB 


High death rates from TB in 17th- to 19th-century 
Europe (=20 to 30% of all mortality) exerted 
relatively strong selection pressure for genes that 
protect against TB, as compared with other 
infections. Even so, it is unlikely that selection 
was strong enough to explain much of the decline 
in TB in 20th-century Europe (Fig. 2A) (9). Now, 
in the early 21st century, mortality rates are far 
lower than in 19th-century Europe, even in 
countries considered to be highly endemic for 
TB (e.g., =3% of deaths are due to TB in Southeast 
Asia). We can infer that natural selection has a 
negligible role in the decline of TB today. 

More plausibly, geographically varying rates 
of selection in the past have influenced the present 
distribution of polymorphisms linked to TB. A 
variety of genetic variants are known to affect 
susceptibility to TB, including those of the major 
histocompatibility complex, the macrophage pro- 
tein SLC11A1 (also known as NRAMP), the vita- 
min D receptor, and the interferon-y and nitric 
oxide synthase pathways (20). Case control and 
genome-wide association studies will doubtless 


reveal more genetic mechanisms of resistance, but 
effects of modest size (odds ratios, OR < 3) will 
probably be the norm. Even with weak effects, 
common genes can account for a large fraction 
of cases in some settings. For example, children 
carrying the NRAMP NO2 polymorphism at one 
site in the southern United States were three times 
as likely to have TB. Because of its high prev- 
alence (76%) in that population, this variant ac- 
counted for most (85%) childhood TB (2/). The 
main motive for studying human genetic de- 
terminants of TB has been to devise better tools 
for control, including vaccines and personalized 
drug regimens. Consequently, there have been 
few studies of how polymorphisms can explain 
contemporary epidemiological differences among 
populations—the background to control in any 
setting. 

From an evolutionary perspective, we expect 
the outcome of infection to be influenced by gene- 
gene interactions within hosts and by interactions 
between pathogen and host genotypes. New 
evidence that M. tuberculosis lineages are adapted 
to specific host populations is therefore consistent 
with expectations (20, 22) (Fig. 3B). Given mul- 
tiple polymorphisms and gene interactions, whose 
expression depends on environmental context, we 
anticipate a greater variety of responses to in- 
fection than are captured by the dichotomies of the 
standard model (Fig. 1). 


Some Infected People Are at High Risk of 
Developing Active TB 

The tuberculin skin test and interferon-y release 
assays are measures of cellular immunity and 
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putative markers of latent infection (23). These 
tests monitor a diversity of responses to infection, 
with varying rates of progression and recession 
including states with no persistent infection but 
primed T cells; low populations of nonreplicating 
bacteria; and replicating bacteria kept at sub- 
clinical levels by immunity (24). Individuals that 
have been exposed to M. tuberculosis, with var- 
ious environmental and genetic backgrounds, 
might pass through any number of these states, 
and the variable (among individuals) and changing 
(through time) response to infection could be an 
attribute of pathogen or host, or of the interplay 
between combinations of hosts and pathogens 
(Fig. 3B) (25). This unfolding story of latency is 
another reminder that the fast-slow dichotomy in 
Fig. 1 is a coarse representation of a continuum. 
And the balance of different kinds of latent state 
might vary from one population to another de- 
pending on, for example, the ambient and recent 
history of infection. 

Isoniazid preventive therapy (IPT) is cheap 
and highly efficacious (up to 90%) in stopping 
progression to active TB among people who are 
skin-test positive. IPT is recommended for HIV- 
positives in TB endemic areas, though few 
patients receive it (26). It is not widely used 
among HIV-negatives because hundreds of 
infected people have to be tuberculin tested and 
then treated to prevent one case, the course of 
treatment is long (6 to 9 months), and there are 
side effects, albeit at low frequency. The result is 
that, despite having an effective drug, progression 
from latent to active TB is largely unchecked. 


Some Kinds of People and Patients Transmit 
More Infections Than Others 


The standard TB model distinguishes sputum 
smear-positive cases from smear-negative cases 
(Fig. 1). This routine differential diagnosis is not 
ideal because smear microscopy fails to confirm 
the presence of M. tuberculosis in many true TB 
cases (culture is more sensitive). But it does offer 
an underexploited opportunity to search actively 
for the most infectious cases in a community. In 
Morocco, for example, half the smear-positive 
cases are found among men aged 15 to 44 years, 
who make up only a quarter of the population 
and who are a focus of transmission, especially in 
densely populated urban areas (27). 

The number of infections transmitted by a TB 
case depends not only on the bacterial load in 
sputum, but also on the duration of infectiousness. 
An episode of TB can be prolonged by events that 
take place before, during, and after diagnosis. 
There may be delays before diagnosis when 
health services are inaccessible, service charges 
are unaffordable, and procedures in infection 
control are not observed. Private, out-of-pocket 
expenditure is a major barrier to seeking health 
care and accounts for a large fraction of spending 
on health in poor countries (Fig. 3C). While tra- 
ditional diagnostic tests have limited sensitivity 


(sputum smear microscopy) and 
specificity (chest x-ray), further 
needless errors arise through their 
improper use. Some failures of 
standard procedure for prevent- 
ing infection have had dramatic 
consequences, such as the 2008 
South African outbreak of exten- 
sively drug-resistant TB (XDR- 
TB) caused mainly by hospital 
transmission (28). 

More subtly, there could be 
an interaction between the sever- 
ity of illness and a patient’s be- 
havioral response to it. If patients 
with moderate disease tolerate it 
for longer, they might transmit 
more infections during extended 
episodes of illness. The ratio of 
TB prevalence to incidence is a 
measure of the duration of ill- 
ness, which increases markedly 
with age in some settings. The 
prevalence/incidence ratio ex- 
ceeded 10 years among elderly 
people in the Republic of (South) 
Korea, which suggests that they 
were persistent sources of infection 
(29, 30). To the extent that disease 
severity is a characteristic of bac- 
terial genotype, this is potentially 
a mechanism for the selection of 
strains of lower virulence. 

Infectiousness does not always 
end with diagnosis. Although com- 
bination drug therapy has the po- 
tential to cure almost all patients 
carrying drug-sensitive and drug- 
resistant strains of M. tuberculosis, 
cutting transmission and prevent- 
ing most TB deaths, some pa- 
tients fail treatment because they 
do not complete the full course, 
or because they are given inap- 
propriate combinations of drugs. 
The consequences can be serious, 
clinically and epidemiologically; 
for example, treatment failure is 
the most obvious explanation for 
the persistently high fraction 
(~10%) of patients with recurrent 
episodes of smear-positive TB in 
India (/). 


Most HIV Epidemics Have 
Peaked, But Prevalence Is 
Falling Slowly 

HIV coinfection is the most pow- 
erful known risk factor for 
susceptibility to M. tuberculosis 
infection and progression to ac- 
tive disease. The incidence rate 
ratio of TB among HIV-positives 
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Fig. 2. Trends in TB cases and deaths per 100,000 population 
reported from (A) England and Wales (1913 to 2007), (B) Estonia 
(1990 to 2007), (C) Brazil (1990 to 2006), and (D) Mexico (1996 to 
2006). The decline in European countries such as England and Wales 
(A) between 1950 and 1980 (cases 6%/year, deaths 10%/year) set 
expectations that have not been met in most developing countries. 
Estonia (B) is an unusual example of success in former Soviet Europe, 
showing how the rise of drug-sensitive and MDR-TB can be reversed 
by early diagnosis and treatment. Cases have fallen at 7%/year and 
deaths at 11%/year since the peak in 1998. TB decline has been 
sluggish in Brazil (C) (cases 2%/year, deaths 1%/year) and 
somewhat faster in Mexico (D) (cases 4%/year, deaths 7%/year), 
but still below potential. Data from the UK Health Protection Agency 
(www.hpa.org.uk) and (1, 7, 8). 
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as compared with HIV-negatives is on the order of 
20 in countries with high HIV prevalence (/). The 
effect at population level has been to treble the 
number of TB cases reported annually from sub- 
Saharan Africa, and the increase has been greatest 
in eastern and southern parts of the continent. HIV 
epidemics have now peaked in the worst-affected 
African countries. In Tanzania, HIV seropreva- 
lence data indicate that the HIV incidence rate was 
already falling by 1990, and prevalence by 1996. 
Consequently, the TB incidence rate has also been 
in slow decline since 2000 (Fig. 3D). 

Although HIV epidemics have generated a large 
excess of TB cases, it is still not known whether 
coinfection has generated more or fewer M. tuber- 
culosis infections than otherwise expected. Some 
studies have found that HIV-infected TB cases 
are less likely to be smear-positive than those 
cases uninfected with HIV, and that illness typ- 
ically progresses more quickly, so that the in- 
fectious period before diagnosis is shorter. The 
“disease duration ratio” for HIV-positive TB cases 
as compared with HIV-negatives has been com- 
pared in two South African communities (3/), but 
neither study calculated the total number of in- 
fections transmitted. 


Epidemics of Some Chronic Diseases 
Exacerbate TB 


Apart from HIV, other factors well known to in- 
crease susceptibility to infection and disease 
include alcohol abuse, diabetes, undernutrition, 
and tobacco smoking (32). The adverse effects of 
smoking are probably due to a combination of 
mechanical lung damage, oxidative stress, and the 
inhibition of T cell-mediated immune pathways 
that produce interferon-y, interleukin-12, and 
tumor necrosis factor—-o. (33). Smokers typically 
have about twice the risk of pulmonary TB as 
compared with nonsmokers and, in India, up to 
half of all male TB deaths have been attributed 
to smoking (34). The prevalence of smoking in 
India, as in most other developing countries, is no 
longer increasing. But the number of smokers and 
smoking-related deaths is rising with population 
growth (35). Smoking is therefore expected to 
increase the number of TB cases and deaths too. 
Like smoking, diabetes is associated with the 
suppression of cell-mediated immunity, though 
this might not fully explain the roughly threefold 
increase in TB risk among diabetics (36). Unlike 
smoking, both the prevalence of diabetes and the 
number of diabetes cases are rising worldwide. 
The increase is faster in developing than in high- 
income countries, with onset at younger ages in 
Asia (37, 38). Approximately 20% of smear- 
positive TB cases were attributed to concurrent 
diabetes in India in 2000 (39). If the projected rise 
from 25 million diabetes cases in 2000 to 80 
million in 2030 is accurate, and the risk ratio 
remains the same, then 42% of smear-positive 
TB cases in India will be attributable to diabetes 
in 2030. Each TB case caused by diabetes would 


www.sciencemag.org SCIENCE VOL 328 


infect other people, adding to the TB burden. 
Paradoxically, diabetes is linked to obesity, but 
whereas the former is a risk factor for TB, the 
latter is evidently protective (40). This apparent 
contradiction is yet to be resolved. 

During the 1990s in post-Soviet Russia, al- 
coholism was a major cause of premature death 
and may also have contributed to the resurgence 
of TB (4/). The number of overweight or obese 
people is increasing worldwide, but so is the num- 
ber who are underweight. The number of under- 
nourished people has grown by an estimated 9% 
since 1990, exceeding a billion in 2009, with un- 
known impact on TB (42). 


Most People Now Live in High-Density 
Urban Areas 


As often observed, infectious diseases are a pen- 
alty for high-density urban living; TB reached a 
peak in 19th-century Europe as urbanization went 
hand in hand with industrialization. In India, the 
risk of TB infection is higher in urban than in rural 
areas (43), and the urban population of India is 
expected to double between 2010 and 2030, reach- 
ing nearly 600 million people. But city life has 
advantages that offset the relatively high contact 
rates: Compared with rural areas, a higher propor- 
tion of people are wealthy and have better access to 
health services. In line with this view, the percent- 
age of people in Indian cities living in poverty (as 
judged by income and living conditions) halved 
from 49% in 1973-1974 to 26% in 2004-2005 
(44). Whether this downward trend in urban pov- 
erty will forestall an increase in TB remains an 
open question, not least because urbanization is 
confounded with other factors such as the rising 
prevalence of diabetes (38). 

In China, internal migration has played a big- 
ger part in urban growth than in India (45), with 
important consequences for TB. The number of 
TB cases per 100,000 inhabitants of Beijing de- 
clined from 20 in 1980 to 7 in 1993, but has since 
remained more or less steady as the number of 
cases among migrants to the city has increased. 

In the low-incidence, high-income countries of 
western Europe and north America, immigration 
from high-burden countries has become a domi- 
nant factor in TB epidemiology. Most TB cases in 
the Netherlands, Norway, the United Kingdom, 
and the United States are due to infections brought 
in by young, foreign-born adults. These immi- 
grants typically live in inner-city areas, often with 
poor access to health care. Consequently, TB 
incidence is falling more slowly in countries that 
have a larger proportion of foreign-born cases (2). 


Populations Are Aging 


Most of the countries where TB remains highly 
endemic are in demographic and epidemiological 
transition. Longevity is increasing, birth rates are 
falling, and populations are becoming older on 
average. The average age of the Indian population 
was 28 years in 2010 but will be 39 years in 2050. 


SPECIALSECTION 


Greater longevity is swelling the age classes that 
now have the highest TB incidence rates, namely 
adults over 45 years. 

But it is not yet clear whether we can expect 
more or less TB in aging populations. With longer 
life spans, more people survive to acquire infec- 
tion. With falling fertility, a population acquires 
fewer susceptibles each year. Greater longevity and 
lower fertility both tend to increase the prevalence 
of infection. Individuals carrying latent infections 
are a source of TB arising by reactivation, but they 
are also partially immune to reinfection. A simple 
elaboration of the standard TB model suggests that, 
on balance, aging will cause a small reduction in TB 
incidence per capita, unless the risk of developing 
TB after exposure is relatively high in older people 
(3). A relatively high risk of TB among the elderly 
is a real possibility, and could explain the slowing 
decline of TB in Hong Kong (46). To resolve this 
question, the standard model needs to be extended 
to explore the interplay between survival, fertility, 
and the risk of TB with age. Whether TB inci- 
dence (per capita or total case load) rises or falls in 
aging populations, the proportion of cases among 
elderly people is almost certain to increase in most 
countries. 


Young Adults Are Rejuvenating 

TB Epidemics 

The standard TB model assumes that patterns of 
mixing among infectious cases and their contacts, 
and the risk of TB among those infected, are con- 
stant through time. Consequently, when transmis- 
sion is reduced by drug treatment, the average age 
of new cases should increase. The reason is that a 
progressively higher proportion of these cases 
comes from older rather than recent infections. In 
some countries where TB is in slow decline, like 
China, there are clear deviations from the expected 
pattern. The average age of older Chinese women 
(>55 years) with smear-positive TB has been stead- 
ily increasing, but the reverse is true for younger 
women with TB (Fig. 3E). Mexico, Myanmar, Sri 
Lanka, and Vietnam show the same phenome- 
non, for men or women or both. 

There are at least four possible explanations. 
First, HIV coinfection generates a disproportionate 
number of cases among young men and women. 
Second, infections are imported into cities by young, 
foreign-born adults. Third, there are higher contact 
and transmission rates among young adults migrat- 
ing internally to high-density urban areas. Fourth, 
novel strains like Beijing are found predominantly 
among younger cases and could have higher rates 
of transmission than other strains. Whatever the 
cause in any setting, the overrepresentation of TB 
in young adults is a departure from the standard 
model, and another obstacle to TB control. 


Economic Shocks Can Cause Detrimental 
and Lasting Epidemiological Changes 
Financial crises can interrupt health services while 
augmenting the risk of TB associated with, for ex- 
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series of questions unanswered. 
First, the relative contribution of 
failing health services and fail- 
ing health to excess morbidity and 
mortality is not known. Second, 
the characteristics of countries and 
populations that are vulnerable to 
these extreme events—for exam- 
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Fig. 3. Understanding the factors that affect TB trends will help to make control programs more successful. (A) Two strains of 
M. tuberculosis with different dynamics. Annual number of drug-sensitive (green) and drug-resistant (orange) cases of the 
Beijing clade. The number of cases caused by the drug-susceptible clade rose steeply after year 8. Data from (27). (B) 
Interactions between host and bacterial genotypes affect the risk of TB. In Vietnam, individuals carrying the C allele at the TLR-2 
T597C locus appeared more likely to have TB caused by the East-Asian/Beijing genotype than by other genotypes (orange). 
Individuals infected with the Euro-American lineage of MM. tuberculosis were less likely to have meningeal than pulmonary 
tuberculosis (green), suggesting that these strains are less capable of extrapulmonary dissemination within hosts. Data from 
(22). (C) Sources of health expenditure in India. Seventy-two percent of spending on health is private, out-of-pocket, a 
characteristic of many developing countries. For individuals on low incomes, an episode of TB can cost the equivalent of several 
months’ salary. Source: WHO national health accounts (www.who.int/nha/en). (D) HIV prevalence has peaked in most countries, 
and TB epidemics are expected to turn downwards after a delay of 4 to 5 years. Here a mathematical model has been used to 
interpret and project trends in HIV incidence (orange line), HIV prevalence (orange line and points), and TB incidence (black 
line and points) in Tanzania. Source: authors’ calculations. (E) Rejuvenation of the TB epidemic in China. As the risk of infection 
declines, the average age of smear-positive TB cases increases among elderly women (green), but falls among young women 
(orange). The disproportionately large number of cases among young adults is an obstacle to TB control. Data from (2). (F) 
Economic shock and tuberculosis in Cuba. After 1991, GDP (green) and food energy consumption (orange, kcaV/day) dropped 
sharply, as TB incidence (blue) increased. TB cases started falling again slowly as GDP and calorie intake recovered (2, 47). 


ample, alcoholism, malnutrition, and the congre- 
gation of displaced people. The impact on TB 
dynamics is strongly asymmetric because brief 
periods of elevated transmission, or of rapid break- 
down from infection to disease, generate an abun- 
dance of new infections, which typically have an 
incubation period of several years. Reductions in 
incidence that took decades to achieve can be 
reversed within months, requiring decades for re- 
covery. After the dissolution of the Soviet Union in 


Year 


1991, excess TB cases and deaths in the newly 
independent states were tightly linked to lost eco- 
nomic productivity, and countries with close Soviet 
ties were also vulnerable, notably Cuba (Fig. 3F) 
(47). During the early 1990s in Cuba, protein, fat, 
and calorie intake fell with GDP, and there was a 
rise in the proportion of children born under- 
weight. Almost 20 years later, TB incidence in the 
former Soviet countries and Cuba has still not 
returned to the low levels reported in 1991. 


clinics, and other points of con- 
gregation. Some of these delays are 
inherent to a system of control that 
has relied on patients to present 
themselves at health centers. And 
after diagnosis, treatment failure 
is a cause of long-lasting or recur- 
rent episodes of infectious TB. 

Although the traditional prob- 
lems of case detection and case 
management remain, it is be- 
coming clearer how and when so- 
cial, economic, and evolutionary 
factors also affect transmission. 
One is the growth of cities, driven 
partly by internal and interna- 
tional migration. Another is the 
emergence of novel strains of 
M. tuberculosis, some of which 
have higher reproductive fitness. To account for 
these factors will require better data, and struc- 
tural and quantitative adjustments to the standard 
model in Fig. 1. 

For 30 years, HIV coinfection has been the 
most prominent cause of increasing susceptibility 
to M. tuberculosis infection, and of rapid progres- 
sion from infection to disease. Other aggravating 
factors are the rising numbers of alcoholics, dia- 
betics, smokers, and elderly and undernourished 
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people. Large economic shocks, which affect both 
transmission and susceptibility, have shown how 
long-term gains in TB control can be swiftly and 
durably reversed. The gross effects of some eco- 
nomic and social crises have been evaluated ret- 
rospectively, but the timing and magnitude of 
such perturbations are practically impossible to 
anticipate. 

Despite the uncertainties, we can draw some 
specific conclusions about the shorter- and longer- 
term prospects for TB control. The immediate pri- 
ority is to pursue the goals of DOTS and the Stop 
TB Strategy because, in the face of a rising case 
load and persistent transmission, the greatest 
clinical and epidemiological benefits will come 
from prompt diagnosis and effective treatment. 
The present instruments for achieving this are not 
ideal, but there is clearly potential to deploy them 
more effectively: to accurately diagnose drug- 
sensitive and drug-resistant cases, select effica- 
cious drug regimens, prevent transmission in 
clinics and hospitals, and actively seek TB cases 
in high-risk populations. 

Improved technology will support these ef- 
forts, led by new diagnostics (e.g., those based on 
nucleic acid amplification and antigen detection). 
A broader portfolio of drugs is also needed to con- 
tain resistance, along with shorter regimens (<6 
months) to make it easier for patients to complete 
treatment. There are currently fewer than 10 novel 
drugs in clinical trials, but the widening pipeline 
is certain to provide some options for changing 
and shortening regimens. 

As HIV epidemics continue to generate a large 
but slowly falling number of TB cases, the chal- 
lenge for TB and HIV/AIDS control programs is to 
aggressively implement the methods that are 
known to work, including antiretroviral therapy 
(ART) and isoniazid preventive therapy (IPT) to 
prevent TB among HIV-positives, and active TB 
case finding among HIV-positives followed by 
appropriate treatment for both infections (26, 48). 
Widespread and frequent HIV testing, with im- 
mediate ART for those who test positive, has the 
potential to improve clinical outcomes and to re- 
duce the number of both new HIV infections and 
TB cases (49). These are in addition to other 
methods for HIV prevention, including the use of 
condoms and male circumcision. 

There are other options for reducing suscepti- 
bility to infection, and for slowing the progression 
to active disease, but they will be hard to imple- 
ment quickly. If all smokers quit, there would be 
far fewer TB cases and deaths, especially in pop- 
ulous Asia (50). Given that the proportion of men 
who smoke has been falling at only 2% per year in 
the UK and the USA, more slowly in Japan, and 
hardly at all yet in China and India, the removal of 
smoking as a risk factor for TB is likely to take 
decades (5/). The result is that, although there are 
major health benefits from tobacco control, dia- 
betes prevention, and nutritional interventions, these 
can play only supporting roles in TB control. 
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New technology to remove or neutralize 
infection—a better vaccine than BCG (bacille 
Calmette-Guérin) or practical methods for treat- 
ing latent infection—could radically alter the ap- 
proach to TB control (52), shifting the emphasis 
from cure to prevention. But this change will not 
happen soon. A major objective of vaccine re- 
search in the next 5 years is to establish sites to 
carry out efficacy trials. Preventive therapy might 
be reinvigorated if it becomes possible to iden- 
tify, with some immunological or genetic marker, 
a subset of people who have a high risk of pro- 
gressing to active TB. The hard task is to design a 
test that can be used in frequent surveys; regular 
sampling is needed to detect individuals at high 
risk because they pass quickly through the latent 
state. 

Whatever the social, economic, and epide- 
miological context, TB control programs rely on 
the health systems of which they are part. TB 
drugs, equipment, and specialists are essential, 
but so are the other features of health services: 
nursing staff, laboratory networks, policies on 
private and public health care, financial protec- 
tion schemes, and methods to engage patients 
and civil society. The instruments of policy, as 
much as those of technology, provide ways to 
reverse the rise of TB. 

In sum, we have given examples of persistent 
transmission and of enhanced susceptibility to 
infection and disease, but it is easier to find evi- 
dence of the former. We conclude that control 
programs have been less effective than expected 
in cutting transmission mainly because patients 
are not diagnosed and cured quickly enough. The 
priority now is not to abandon the basic principles 
of chemotherapy, but rather to implement them 
with greater vigor. 
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That Was Then But This Is Now: 
Malaria Research in the Time of an 


Eradication Agenda 
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The global research community must take up the challenge to work toward the eradication of malaria. 
In the past, malaria research has focused on drugs and vaccines that target the blood stage of 
infection, and mainly on the most deadly species, Plasmodium falciparum, all of which is justified by 
the need to prevent and treat the disease. This work remains critically important today. However, an 
increased research focus is now being placed on potential interventions that aim to kill the parasite 
stages transmitted to and by the mosquito vector because they may represent more vulnerable 
targets to stop the spread of malaria. Here, we highlight some of the research into malaria parasite 
biology that has the potential to provide new intervention targets for antimalarial drugs and vaccines. 


ore than 40% of the world’s popula- 
M« lives with some risk of contracting 

malaria, with most recent estimates 
suggesting several hundred million clinical cases 
and 800,000 deaths each year. Malaria is caused 
mainly by four species of Plasmodium parasites, 
of which Plasmodium falciparum causes most 
disease and death across sub-Saharan Africa, and 
Plasmodium vivax is the most prevalent parasite 
in most other malaria-endemic parts of the 
world. Vivax malaria has been historically cate- 
gorized as benign, but recent data indicate that 
severe disease caused by P vivax infection is 
common (/). Current observations showing the 
increased transmission of nonhuman primate 
malaria parasites such as Plasmodium knowlesi 
to humans (2), the possibility that P falciparum 
can propagate in great apes, and observations 
that apes harbour a diversity of parasite species 
closely allied with P falciparum all raise con- 
cerns that animal reservoirs for human malaria 
will make control of human infection more dif- 
ficult (3). Nevertheless, malaria appears to be 
retreating in some areas of the developing world, 
including Asia, South America, and even sub- 
Saharan Africa, where the human toll of malaria 
infection is highest and malaria transmission by 
Anopheles gambiae mosquitoes is efficient. This 
decrease in malaria is mainly attributable to ex- 
panded control programs using drug treatment of 
infected individuals, preventive drug treatment 
of populations at high risk of infection, and mos- 
quito control with insecticide-treated bed nets and 
indoor-insecticide spraying. 
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Recently, a plan was initiated with the ulti- 
mate goal of malaria eradication. The objec- 
tive appears simple: reduce the parasites’ basic 
reproduction rate, bringing the average number 
of new malaria cases occurring for a single exist- 
ing case to less than one. An ideal scenario is 
interrupting malaria at its life-cycle choke points: 
when the parasite is transmitted by mosquitoes as 
a sporozoite, which infects the liver of an in- 


dividual (the pre-erythrocytic stages), and when 
sexual-stage gametocytes are taken up by the 
mosquito from the blood of an infected individ- 
ual, leading to colonization of the mosquito mid- 
gut (Fig. 1). The parasite numbers passing from 
mosquito to human and back to mosquito are 
exceedingly low (a few dozen to a few hundred) 
when compared with parasite populations in an 
infected individual during asexual blood-stage 
replication (billions) and thus may be easier to 
eliminate (Fig. 1). However, research on asexual 
blood stages of the parasite remains essential for 
the development of new therapeutics because it is 
this phase of the life cycle that causes disease and 
death. Here, we highlight recent progress in un- 
derstanding the intricate biology of malaria par- 
asites and how some of these findings may lead 
to new strategies for intervention. 


New Drugs and Novel Targets 


The erythrocytic cycle of P. falciparum involves 
a massive amplification of the parasite population 
through periodic cycles of invasion, growth, 
division, and egress from erythrocytes (Fig. 1). To 
develop new compounds that target the parasite 
blood stage, an increased understanding of the 
mode of action of current antimalarials is neces- 
sary (4). Plasmodium parasites catabolize eryth- 
rocyte hemoglobin in the food vacuole, releasing 
toxic heme, which is sequestered in the food 
vacuole as a crystalline structure called hemozoin 


Table 1. Drugs and possible drug targets for antimalarials against blood-stage and liver-stage 
parasites. ND, life cycle stage not determined; BS, blood stage; LS, liver stage; DHFR, dihydrofolate 
reductase; DHPS, dihydropteroate synthase; SHMT, serine hydroxymethyltransferase. 


Location/function Drug 

Apicoplast Ciprofloxacin 
Clindamycin/doxycycline 
Fosmidomycin 
Rifampicin 


Fatty acid synthesis inhibitors 


Mitochondria Atovaquone 


Parasite cytoplasm 


Sulfadoxine 
None 
Endoplasmic None 
reticulum 


Food vacuole 
Mefloquine/quinine 
Artemisinint 


None 
None 
Parasitophorous None 
vacuole 
Merozoite invasion None 
Merozoite egress None 
Unknown Primaquine 


Pyrimethamine/chlorproguanil 


Chloroquine/amodiaquine 


Life stage/target 


BS and LS*/DNA replication 

BS and LS/protein translation 

BS and LS*/isoprenoid biosynthesis 

BS and LS*/RNA transcription 

LS/fatty acid biosynthesis 

BS and LS/cytochrome bc, 
complex 

BS/DHFR 

BS/DHPS 

BS/SHMT 

BS and LS*/plasmepsin V 


BS/heme polymerization 

BS/heme polymerization 

BS and gametocyte/heme 
polymerizationt 

BS/falcipains 

BS/plasmepsins 

BS and LS*/putative translocon 


BS/rhomboid 4, subtilisin 2 
BS and LS/DPAP3, SERAS, subtilisin 1 
LS and gametocytes/drug target 

not known 


*No published data to confirm drug action. 


tExact drug target is not known. 


tPossible drug target. 
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(Fig. 2). Antimalarials such as 
chloroquine appear to interfere with 
heme sequestration, and despite 
the rise of widespread resistance 
to chloroquine, heme sequestra- 
tion remains a viable target for the 
development of new antimalar- 
ials (5). The important artemisinin 
group of antimalarials are thought 
to have their effect by activation 
of the endoperoxide group through 
the presence of free Fe**, which 
is released during digestion of he- 
moglobin, and new generations 
of compounds are being devel- 
oped that target heme metabolism 
(5). Proteases are responsible for 
the degradation of hemoglobin, 
providing a source of amino acids 
for parasite protein synthesis as well 
as a supply of metabolic energy 
(Fig. 2 and Table 1). Plasmepsin 
protease inhibitors can potently 
block P. falciparum growth, but 
many proteases have redundant 
functions, suggesting that drugs di- 
rected to the food vacuole will need 
to inhibit multiple proteases (6). 

Antifolate compounds, includ- 
ing pyrimethamine and sulfadox- 
ine (Table 1), have long been an 
important antimalarial combina- 
tion, although the rapid rise of 
drug resistance has greatly re- 
duced their effectiveness (7). They 
inhibit enzymes involved in fo- 
late synthesis, which is essential 
for parasite viability (8), and the 
combination of pyrimethamine and sulfadoxine 
show synergism, increasing their effectiveness 
against P. falciparum. The crystal structure for 
P. falciparum dihydrofolate reductase/tetrahy- 
drofolate synthetase (9), the target for pyrimeth- 
amine, has identified regions that are important for 
dimerization of this enzyme, and a charged groove 
is located on the surface of the dimer that appears 
to be important in channeling substrate between 
the two active sites of the enzyme’s bifunctional 
domains. These features provide new strategies to 
develop novel antimalarials against this target. 
Additionally, analysis of the folate enzymatic 
pathway has identified serine hydroxymethyl- 
transferase (SHMT) as a target for development 
of novel antimalarials that target the folate 
biosynthetic pathway (/0). 

Plasmodia actively invade and egress from 
erythrocytes, and these processes require special- 
ized parasite proteins (Fig. 3). Inhibition of the 
action of these proteins provides a novel avenue 
for antimalarial development. The invasion process 
involves a cascade of ligand-receptor interactions 
that are required to recognize the appropriate 
host cell and establish a tight parasite-host con- 
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tact that ultimately connects with the actomyosin 
motor inside the parasite to provide the force re- 
quired for entry (//). Although the ability to 
invade host cells is an essential step, the parasite 
also has to escape, and this process of egress rep- 
resents a potential target for drug development 
(12). The intraerythrocytic parasite is surrounded 
by the parasitophorous vacuole (PV) and the 
erythrocyte membrane. Both of these are ruptured 
during egress, allowing access to new erythro- 
cytes for invasion. Egress occurs in a cascade of 
events in which the membranes rupture, resulting 
in the explosive release of merozoites (/3, 14). 
After invasion, the parasite begins a remark- 
able process of remodeling that converts the ter- 
minally differentiated erythrocyte, which lacks a 
nucleus and machinery for functions such as 
protein trafficking, into a niche in which the 
parasite obtains nutrients and hides from host 
protective mechanisms (/5). This requires the 
export of hundreds of parasite proteins through 
the PV membrane (PVM) to the erythrocyte cy- 
toplasm and, in some cases, to the host-cell mem- 
brane. As a result, large parasite-derived structures 
appear in the infected erythrocyte—for example, 
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Fig. 1. The Plasmodium life cycle provides numerous potential points of intervention. Upon mosquito injection of motile 
salivary gland sporozoites into the human skin, parasites migrate in the tissue and invade a blood vessel. Sporozoites are 
transported to the liver via the blood stream, leave the liver sinusoid, and infect hepatocytes to initiate liver-stage infection. 
The parasite undergoes massive growth and forms tens of thousands of first-generation merozoites. Merozoites are 
released into the blood stream. Each merozoite infects an erythrocyte and initiates the intraerythrocytic cycle. The parasites 
replicate by means of cyclic infection, replication, and release of next-generation merozoites. Some merozoites form 
sexual-stage gametocytes after invasion, and these can be taken up by a mosquito during a blood meal. Gametes mate, 
form a zygote, and develop into an ookinete that infects the mosquito midgut. The resulting oocyst produces sporozoites, 
which invade the salivary glands, ready for transmission to the next host. Initial infection of the human host liver and the 
transmission of gametocytes to mosquitoes are considered choke points of the parasite life cycle because parasite numbers 
are lowest at these points. The numbers shown indicate parasite population sizes during life cycle progression. 


Maurer’s clefts, which are important for protein 
trafficking and sorting, as well as protrusions on 
the erythrocyte membrane called “knobs” (/6). A 
pentameric motif is located at the N terminus of 
most exported proteins and is required for tar- 
geting beyond the PVM (/5). This motif is a 
protease recognition sequence that is cleaved in 
the parasite’s endoplasmic reticulum (ER) by an 
aspartic acid protease, plasmepsin V, revealing 
the protein’s export signal (/ 7, 18) for subsequent 
transport most likely through a translocon com- 
plex (9), making protein export a novel anti- 
malarial target. 


Can We Develop a Blood-Stage Vaccine? 


Development of effective blood-stage vaccines is 
difficult because of antigenic diversity, parasite 
mechanisms that evade host responses, and the 
sheer biomass of parasites present within the host 
during an infection. Despite this, considerable 
efforts have been made to develop and test po- 
tential vaccine candidates from P. falciparum 
blood stages because evidence shows that re- 
peated infection of humans results in control of 
blood-stage parasitaemia and effective immunity 
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Fig. 2. Potential and realized drug targets of asexual P. falciparum blood stages. Shown are 
parasite organelles including the nucleus, apicoplast, mitochondrion, ER, Golgi (G), and food 
vacuole. The intraerythrocytic parasite is surrounded by the PV and PVM, through which proteins 
traffic to reach the erythrocyte. Most proteins for export are recognized by virtue of a PEXEL motif 
that is cleaved by Plasmepsin V in the ER to reveal the export signal. These proteins are carried to 
the PV, where they are recognized for export to the erythrocyte by a putative translocon (PTEX) in 
the PVM. The translocon consists of at least five subunits, including EXP2, HSP101, PTEX150, 
PTEX88, and TRX2 (inset). Egress of mature merozoites occurs by the breakdown of the PVM and 
erythrocyte membrane. This is mediated by proteases in the PV, including subtilisin 1, DPAP3, and 
SERAS (solid partial circles of various colors). The food vacuole contains hemozoin, consisting of a 
crystalline form of heme, which results from the degradation of hemoglobin. Hemoglobin from the 
erythrocyte cytoplasm is endocytosed through the cytosome, and the endocytic vesicles fuse with 
the food vacuole membrane, releasing their contents into this structure for degradation by 
proteases such as plasmepsin and falcipains (solid partial circles). 


\ 


Fig. 3. P. falciparum merozoite invasion. The merozoite interacts with the erythrocyte at the apical 
end via parasite ligands (EBA-175, EBA-140, EBA-181, PfRh1, PfRh2a/b, PfRh4, and PfRh5) that 
bind to host receptors and activate the invasion process and formation of the tight junction. The 
tight junction binds the erythrocyte surface to the merozoite and moves across the surface of the 
invading parasite. The ligand-receptor interactions are released during invasion by cleavage of 
parasite ligands with rhomboid 4 (ROMA). Subtilisin 2 (SUB-2) is also involved in processing and 
shedding proteins on the merozoite surface during invasion. PfAMA-1 participates in the tight 
junction with the parasite RON complex that spans the erythrocyte membrane, tight junction, and 
merozoite membrane. 


that reduces clinical disease (20). Antigens on the 
invasive merozoite (Fig. 3) have been considered 
prime vaccine candidates, but blood-stage vac- 
cines have yet to show success (2/). The stakes for 
blood-stage vaccines are even higher when ma- 
laria eradication is the aim because they must not 
only reduce disease but also parasite burden to a 
degree that reduces transmission. 

Repeated low-dose infection of human vol- 
unteers with P. falciparum blood stages fol- 
lowed by drug treatment induces strong immunity 
against homologous challenge (22), and recently 
rodent malaria parasite blood stages were ge- 
netically attenuated through gene deletion of pu- 
rine nucleoside phosphorylase (PNP) or nucleoside 
transporter 1 (NT1) (23, 24). These knockout 
strains protect against challenge with virulent 
parasites, and in the case of the NT1 knockout 
strain, complete protection was achieved against 
challenges with different parasite strains. There- 
fore, the approach of using genetically attenuated 
P. falciparum blood stages as potential vaccines 
warrants further research, and such vaccination 
also presents opportunities to identify correlates 
of protection. 


Targeting the Apicoplast Organelle? 

The apicoplast is unique to apicomplexan para- 
sites, including Plasmodium spp. The bacteria-like 
origin as well as the essential functions contained 
within the apicoplast—including lipid, heme, and 
isoprenoid synthesis—represent a slew of poten- 
tially attractive drug targets (Fig. 2 and Table 1) 
(25). The apicoplast contains replication, tran- 
scription, and translation machineries, all of which 
represent targets for currently known inhibitors of 
these processes (Table 1). The apicoplast is main- 
tained throughout the parasite life cycle; hence, 
the development of drugs that target its essential 
functions can potentially act against blood stages 
and liver stages, but this requires experimental 
target validation. For example, the utility of fatty- 
acid biosynthesis as a drug target for asexual 
blood stages has been recently brought into ques- 
tion because the enzymes in this pathway are not 
essential for this part of the life cycle (26-28). 
However, fatty-acid biosynthesis is critical for 
liver-stage development, suggesting that this path- 
way might be a drug target for pre-erythrocytic 
infection (26, 27). 


Possible Targets for New 
Pre-Erythrocytic Antimalarials 


Human malaria parasite transmission and liver in- 
fection is exceedingly dificult to study, and rodent 
malaria parasite models have proved invaluable 
for the study of pre-erythrocytic-stage infection. 
Infectious sporozoites leave the salivary glands of 
the mosquito during a bite and enter the host, 
make their way to the liver, invade hepatocytes, 
and commence development as liver stages (Fig. 
1) (29). Sporozoites are injected into the avascular 
tissue of the skin then invade blood vessels (30), 
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and their extended stay in the skin leaves the 
sporozoite vulnerable to immune attack. Sporo- 
zoites traverse through cells by means of plasma 
membrane disruption, and they use this process to 
migrate through tissues and reach the liver (3/). 
Once a sporozoite encounters a suitable hepato- 
cyte in the liver, it invades, forms a PV, and ini- 
tiates liver-stage development. Tissue migration 
and hepatocyte invasion is mediated by inter- 
actions of sporozoite proteins with host cell 
receptors, which might provide new avenues to 
block infection (29). In addition, rapid growth of 
liver stages depends on host nutrients that are ac- 
tively taken from the infected hepatocyte. Hence, 
methods to starve the liver stage might be good 
avenues to prevent growth. Liver stages ultimate- 
ly differentiate into tens of thousands of first- 
generation merozoites, which are released from 
the infected hepatocyte into the blood stream. 
The release is controlled by the parasite and oc- 
curs in packages that are still surrounded by the 
hepatocyte membrane (32). Egress from the liver 
is probably dependent on proteases, and indeed 
some of the same proteases necessary for blood- 
stage egress are expressed during late liver-stage 
development (33). Thus, protease inhibitors that 
target blood stages might also inhibit parasite 
release from the liver. 

In essence, understanding host-parasite inter- 
actions during liver infection has the potential to 
inform new interventions that block this vul- 
nurable phase of the parasite life cycle, and thus 
pre-erythrocytic—-stage research should be given 
high priority. 


Vaccines Against Pre-Erythrocytic 

Parasite Stages 

Avaccine for the pre-erythrocytic stages is seen as 
the ideal tool for disease eradication. Furthermore, 
pre-erythrocytic stages appear not to exhibit sub- 
stantial antigenic variation, and a vaccine based on 
a single parasite strain might provide protection 
from infection with heterologous strains. However, 
there is no solid evidence for naturally occurring 
protective immunity to pre-erythrocytic stages in 
malaria-endemic areas. Perhaps the repeated ex- 
posure to small numbers of sporozoites transmitted 
by each mosquito bite leads to a state of immune 
tolerance in the liver. Conversely, immunization 
with substantial numbers of irradiated sporozoites 
that are able to infect the liver but cannot complete 
liver-stage development elicits protective immuni- 
ty that prevents subsequent infection, which has 
led to recent efforts in the manufacture of an irra- 
diated P falciparum sporozoite vaccine (34). Fur- 
thermore, genetically engineered sporozoites that 
are attenuated through the knockout of genes that 
are essential for liver-stage development pro- 
vide a powerful new avenue for live attenuated 
parasite vaccine development. Such attenuated 
sporozoites confer complete protection in mouse 
models of malaria; recently, a genetically attenu- 
ated P falciparum parasite with deletions in the 


genes P52 and P36 was developed and will un- 
dergo clinical testing in the near future (35). 

In parallel to whole-cell irradiated and geneti- 
cally attenuated parasites, the design of effective 
subunit vaccines that target the sporozoite and liver 
stage are a high priority. The major immuno- 
dominant antigen of the sporozoite is the circum- 
sporozoite protein (CSP), and a subunit vaccine 
based on CSP has proved partially successful in 
clinical trials (36). The major question now is 
whether one can identify additional protective pre- 
erythrocytic antigens and combine them with CSP 
so as to create a multi-subunit vaccine formulation 
that results in complete protection. The identifica- 
tion of novel targets for humoral protection is 
important, but even more critical is the identifica- 
tion of parasite targets that allow the immune 
system to eliminate infected hepatocytes through T 
cells (37). Novel pre-erythrocytic vaccine candi- 
dates can be tested for efficacy early in clinical 
development by using experimental malaria chal- 
lenges of volunteers. Importantly, the experimental 
immunization with live-attenuated sporozoites 
provides a powerful platform to search for novel 
protective antigens by use of high-throughput 
immunological screens. 


Transmission Blocking with a Vaccine? 


Targeting the sexual stages of the malaria parasite 
life cycle with subunit vaccines could prevent 
transmission to the mosquito vector (38), and a 
greater focus on this life-cycle choke point is es- 
sential in an eradication agenda. Target antigens 
fall into two broad groups: those that are ex- 
pressed before gamete fertilization and those that 
are expressed after fertilization on the surface of 
the ookinete—the invasive form that infects the 
mosquito midgut (Fig. 1). For example, immu- 
nization of nonhuman primates with the prefertili- 
zation antigen Pfs48/45 resulted in high antibody 
levels that block parasite transmission to mosqui- 
toes in an ex vivo experiment that mixes the 
antisera with P. falciparum—infected blood and 
feeds the mixture to mosquitoes (39). 

Unlike pre-erythrocytic— and erythrocytic- 
stage vaccine approaches, transmission-blocking 
vaccines do not protect the vaccinated individual, 
and some of the antigens are never seen naturally 
by the human immune system. Thus, the vaccine 
may not be boosted by malaria infection. As a 
result, vaccination must be potent and induce 
high antibody levels that are sustained for at least 
one transmission season. Moreover, initial testing 
of transmission-blocking vaccines for efficacy in 
clinical studies is not as straightforward as the 
testing of pre-erythrocytic vaccines because pro- 
tection of the vaccinated individual is not the 
readout and population-based studies are needed. 
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sophisticated laboratory technologies. The reca- 
pitulation of complete parasite life cycles in the 
laboratory through use of rodent malaria models, 
the routine in vitro culture of P. falciparum blood 
stages, laboratory infection of mosquitoes with 
cultured gametocytes, and improved in vitro growth 
systems for liver stages has enabled research that 
was not previously possible. This, in combination 
with parasite whole-genome sequences, functional 
genomic tools, systems biology, and the ability to 
genetically manipulate the parasite, has led to 
an unprecedented wealth of data. Despite these 
advances, approximately 60% of P. falciparum 
genes encode proteins for which no functional 
assignments exist. Research on P vivax, the 
major cause of malaria outside Africa, has lagged 
behind because the parasite is difficult to grow in 
the laboratory. P. vivax liver stages can lie dormant 
as “hypnozoites” and reactivate to cause a blood- 
stage infection months after the initial infection 
(Fig. 1), making the hypnozoite a high-priority 
target for research and drug development if ma- 
laria eradication 1s the goal. Currently, we do not 
have even the most basic understanding of the 
nature of hypnozoite dormancy. The search for 
new blood-stage malaria therapeutics continues, 
and knowledge of the pathophysiology and cell 
biology of this stage has vastly increased during 
the past decade, providing new intervention points 
to improve treatment of malaria. 


However, the time has come to broaden our 


knowledge base of pre-erythrocytic and sexual 
stages in order to develop novel tools for blocking 
disease transmission. Promising research findings 
need to quickly move into human proof-of- 
concept studies for intervention. If proven, imple- 
mentation must be accelerated, and this requires 
large investments. The intervention strategies dis- 
cussed here need to be combined with other efforts 
that target the mosquito vector. Only then is it pos- 
sible to envision a world without malaria within 
our lifetime. 
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REVIEW 


The Selection Landscape 
of Malaria Parasites 


M. J. Mackinnon?2* and K. Marsh? 


Malaria parasites have to survive and transmit within a highly selective and ever-changing host 
environment. Because immunity to malaria is nonsterilizing and builds up slowly through repeated 
infections, commonly the parasite invades a host that is immunologically and physiologically 
different from its previous host. During the course of infection, the parasite must also keep pace 
with changes in host immune responses and red-blood-cell physiology. Here, we describe the 
“selection landscape” of the most virulent of the human malaria parasites, Plasmodium falciparum, 
and the adaptive mechanisms it uses to navigate through that landscape. Taking a cost-benefit 
view of parasite fitness, we consider the evolutionary outcomes of the most important forces of 
selection operating on the parasite, namely immunity, host death, drugs, mosquito availability, 
and coinfection. Given the huge potential for malaria parasite evolution in the context of 

the recently renewed effort to eradicate malaria, a deeper understanding of P. falciparum 


adaptation is essential. 


lasmodium falciparum is the most vir- 
P ulent of the human malaria parasites, 

causes the death of more than one million 
children per year (7), and is currently the target of 
renewed and massive control campaigns. Past 
failures to eradicate malaria have been hampered 
by the evolution of drug resistance in the parasite 
and insecticide resistance in its mosquito vector 
(2). At the heart of the malaria control problem, 
however, is the parasite’s remarkable capacity for 
adaptation to its highly heterogeneous natural 
environment. During its two-host life cycle, P 
falciparum undergoes 10 morphological transi- 
tions in five different host tissues, proliferates 
asexually within three of these, and must prop- 
agate sexually at each transfer between hosts. 
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Within each host, it is subject to strong selection 
by host defenses and undergoes severe popula- 
tion bottlenecks. The parasite can infect most of 
its host population by reinvading people who 
have already mounted immune responses to it 
during previous or existing infections, and from 
each infection it can transmit for months, even 
years. Thus, this parasite has evolved the capacity 
to maximally exploit human beings for its own 
reproduction. 

The recent explosion of genomics-based re- 
search has revealed just how uniquely adapted 
this parasite is to its hosts. Many of its genes 
have no known homologs in other species (3), 
and its machinery for interacting with the host 
environment is highly specialized (4). New sources 
of adaptive genetic and transcriptional variation 
in the parasite genome are beginning to be un- 
covered, and perhaps the most remarkable fea- 
ture of the parasite is its adaptability per se. In 
this review, we explore the processes by which 
the parasite adapts in real time, with a view to 
understanding the potential impact control pro- 
grams may have on parasite evolution. 


Variation + Selection = Evolution 


The framework we use to describe the process 
of adaptation in malaria parasites, summarized in 
Fig. 1, has the following components: (i) sources 
of variation (the substrate), (i1) selection (the mech- 
anism), (iii) the fitness consequences (the out- 
come measure), (iv) scales on which adaptation 
operates (biological, temporal, and geographical), 
(v) constraints and trade-offs, and (vi) feedback 
between adaptation and the selective environ- 
ment. To illustrate the multidimensional nature 
of the process, we use two examples, which are 
simplified to emphasize the contrasts. 

The first is that of antigenic variation in the 
proteins displayed on the surface of the parasite- 
infected red blood cell (5). A major group of 
these variant surface antigens (VSAs) is coded 
for by a multigene family, var, containing ~60 
copies of genes that are highly genetically diverse 
at the sequence level. The parasite expresses only 
one of these genes at a time, but each gene under- 
goes expression switching to alternative members. 
Thus, as the infection progresses, variant-specific 
antibodies to the expressed antigen develop, 
which afford a new parasite variant a competitive 
advantage. This variant rises in frequency until it, 
too, induces production of specific antibody 
against itself, thus causing diversifying selection. 
The fitness consequence of this immune avoid- 
ance is longer infections and, hence, greater 
opportunities to transmit to new hosts. The scale 
of selection is short-term and within-host, be- 
cause the selected variant is not transmitted in the 
“on” state from the mosquito to the next host. 
There is rapid, direct feedback from the adapted 
parasite (the new variant) into its selective 
environment through the generation of variant- 
specific antibody. One possible constraint on this 
adaptive mechanism is a trade-off between anti- 
genic novelty and the binding of parasitized red 
blood cells to host cells (cytoadherence), which 
plays a key role in the biology of P falciparum 
(6, 7). Another potential constraint is a trade-off 
between the expression of high antigenic diversity 
within the lifetime of a single infection and re- 
duced opportunities to colonize previously infected 
hosts carrying antibody to these types (8, 9). 
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Fig. 1. The selection landscape of P. falciparum. Parasite adaptation depends 
on sources of variation (blue) and selection (green), which, when combined, 
produce higher parasite fitness. Constraints and trade-offs (gray shapes) impose 
limits on the adaptive process (gray arrow). All three of these components differ 
across the multilevel biological, geographical, and temporal scales over which 
adaptation takes place (indicated on left, one shape per level). There is constant 
feedback between parasite adaptation and its within-host and epidemiological 


environment (red-purple arrows). Words inside the blue shapes describe the 
types of genes or phenotypes that are variable and on which selection can act. 
Words inside green shapes describe either the specific selective agent or the 
general cause of selection on these variants. Constraints are distinguished from 
trade-offs by italics. Adhesion and invasion receptors are molecules on host cells 
used by the parasite to survive and replicate and which vary considerably within 
a host. RBCs, red blood cells; ant., antigenic; inf., infection. 


The second example is drug resistance. Typi- 
cally, point mutations within a single gene are 
maintained at very low population frequencies be- 
fore any drug is introduced; these are then selected 
by the drug, which halts replication of the parasites 
lacking such mutations. The fitness advantage to 
being resistant is uninterrupted parasite replication 
and, hence, transmission. However, resistance 
brings with it a higher risk that the host dies as a 
result of the parasite’s activities, which is then very 
costly to parasite fitness. In this case, selection is 
directional, long-term, and between-host. There 
may be weak, indirect feedback from the evolution 
of resistance into the selective environment, lead- 
ing to a reduction in drug usage, due either to per- 
ceived drug failure or to higher immunity caused 
by higher transmission intensities. A possible con- 
straint is the cost of the mutation to the parasite’s 
fitness in the absence of the drug (/0). 
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In reality, these examples are more com- 
plex. Although switching of particular VSAs can 
be seen primarily as a short-term adaptation, when 
viewed at the population level and over a longer 
time scale, selection is operating on the genome’s 
whole repertoire of antigenic and cytoadherence 
types to maximize parasite fitness. Moreover, 
selection optimizes the level of population-wide 
diversity and within-host switching rates so that 
the parasite can establish infections in previously 
exposed hosts (9, //). Thus, there are multiple 
layers and scales of selection operating on VSAs. 

Likewise, during the evolution of drug resist- 
ance, selection is not all between-host and long- 
term. There is a critical stage at the very beginning 
of the adaptation process during which within- 
host, short-term processes entirely dictate whether 
a resistance genotype will emerge (i.e., within- 
host parasite population size, mutation rate, and 


size of population bottlenecks during mosquito 
transmission) but that are unimportant to its rate 
of spread once it is safely established in a pop- 
ulation (/2). 

Hence, for the malaria parasite, the process of 
adaptation to a single environmental challenge 
takes place across a range of temporal, biological, 
and geographic scales, each with different se- 
lection pressures and outcomes. In the following, 
we describe in more detail the factors involved 
and the possible implications for malaria control. 


Parasite Variation: Past Adaptation and 
Future Substrate 


The consequences of past adaptation have been 
“written into” the parasite’s genome through 
evolutionary time, leaving clues that are useful 
for understanding the selective forces and adapt- 
ive mechanisms of the parasite. First, high DNA 
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sequence variability coupled with a bias for non- 
synonymous mutations is an indicator of diver- 
sifying selection and thereby flags the targets 
under immune or other variable selection pres- 
sures (/3). For instance, repetitive units may signal 
immune evasion mechanisms (/4, /5), as might 
genetic mosaicism arising from nonhomologous 
recombination among different members of multi- 
gene families (/6), although the maintenance of 
genetic variation through neutral processes in most 
genomes also needs to be borne in mind. In con- 
trast, low sequence diversity in a parasite gene and 
high linkage disequilibrium around the locus in- 
dicate directional (“purifying”) strong selection on 
a gene inside that region. This phenomenon has 
retrospectively confirmed drug resistance loci 
found using other genetic methods and has iden- 
tified several new loci potentially involved in resist- 
ance (17, 18). 

Second, deletions and amplifications of short 
DNA segments containing a single gene or a few 
genes, that is, copy number variants (CNVs), 
are highly prevalent in natural populations of 


P. falciparum (19, 20, 21), indicating that such 
structural variation may be a substrate for adap- 
tation. So far, amplification CNVs have been linked 
to resistance to three different classes of drugs 
(19, 22-24). In the laboratory, certain deletion 
CNVs containing genes involved in gametocyte 
production and cytoadherence consistently arise 
during adaptation to in vitro culture (25-27). The 
fact that the fragility of certain chromosomal re- 
gions is maintained in nature, despite possible in 
vivo fitness costs, may suggest that these deletion 
CNVs are adaptive under some circumstances 
(25). They may provide a growth advantage dur- 
ing the acute phase of the infection when there is 
strong in-host competition for host cells. In this 
case, although the deletion-carrying parasite line- 
age itself may not be transmitted, its kin would 
be, thereby gaining an advantage over parasite 
lineages with nonfragile chromosomes. Studies 
of genome-wide transcription in P. falciparum 
have found evidence that CNVs are associated 
not only with genes inside the CNV boundaries 
but also with regulation of genes adjacent to 
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them and elsewhere in the genome (2/, 28). 
Perhaps the CNVs’ structural properties per se 
influence gene expression through short and long- 
range epigenetic mechanisms, as seen in other 
organisms (29). Structural variation in noncoding 
regions of the P falciparum genome such as the 
telomeres is also a potential source of regulatory 
variation (25). 

A third set of clues for adaptive genes lies in 
genomic architecture. Most of the “exportome” 
genes, that is, those responsible for transporting 
parasite proteins out to the red-cell surface, where 
they bind to host tissues and mediate immune 
evasion, are located in the subtelomeres (30). 
There, they are at least partially regulated through 
heterochromatin-related mechanisms (3/, 32). 
Epigenetic regulation of physical clusters of func- 
tionally related genes would facilitate parasite 
adaptation within an infection where the host en- 
vironment is continuously changing. Likewise, 
location of the highly variable multigene families 
in subtelomeres, which group together in bouquets 
during mitosis, would provide opportunity for 
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Fig. 2. Quantifying fitness costs of immunity, host death, drug use, and 
seasonality in P. falciparum parasites in the field. (A) Total transmission of the 
malaria parasite from each new human infection can be calculated from the 
area under the within-host gametocyte density by time curves (solid colored 
lines) weighted by the probability of mosquito infection given the gametocyte 
density (dotted line, upper right corner). Different colored curves (legend on 
right) are given for hosts of different age classes. These were derived from 
data (52) from cross-sectional surveys in a malaria-endemic area before drugs, 
bednets, and vector control were introduced (41). Mosquito infectivity (dotted 
line) is shown for <1-year-olds only. (B) Based on these curves, the expected 
impacts of host immunity, host death, seasonality in vectors, and antimalarial 
drug usage on total transmission output per new parasite infection per host 
were calculated for each age class. Expressing all values relative to the total 
transmission output for <1-year-olds (set to equal 1), the fitness cost to the 
parasite of age-acquired immunity (first bar, reading from left) ranged from 
26% in 1- to 4-year-olds to 95% in >29-year-olds (i.e., parasites in these age 
groups were expected to have 74% and 5% of the transmission output of 
parasites infecting <1-year-olds). The cost of host death (second bar) was 
predicted to be 3% of total transmission in <1-year-olds and 2.5% in 1- to 


4-year-olds, assuming that all-cause mortality in <5-year-olds was 120 per 
1000 person-years and that mortality was distributed among age classes 
according to age-mortality patterns typical of endemic areas (53). The 
impact of seasonality in vector abundance (third bar), assuming that 
transmission ceased on average 45 days after hosts became patent, was 
predicted to be 40% of transmission in <1-year-olds and relatively less at 
older ages. Drug treatment (fourth bar), when assumed to cause complete 
loss of transmission and to follow age usage patterns from a rural malaria- 
endemic area in Mozambique (54), was predicted to cut transmission by 
54% in <1-year-olds and 44% in >29-year-olds. (C) Because the age-specific 
impact of these costs to the total transmission affects the selection pressures on 
the parasite coming from each host age class, the relative contributions of each 
age class to total transmission are shown. The latter calculations were based on 
the area under the transmission curve for total infection length (i.e., including 
superinfections) multiplied by both the infection prevalence and the proportion 
of the population in each age class. The lower contribution to transmission in 
<1-year-olds than in 1- to 4-year-olds is due to their lower prevalence and 
shorter total infection lengths due to fewer superinfections (39) rather than to 
their proportionately smaller number in the population. 
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recombination among different family members 
and hence promote antigenic diversity (33). 

DNA sequence diversity alone belies the ex- 
tent of diversity at the molecular level because it 
does not reveal regulatory variation, that is, in 
transcription and translation. A large amount of 
regulatory variation between different parasite 
isolates (2/, 28, 34-36) occurs in genes showing 
no genetic diversity (2/7, 35). Some of this varia- 
tion may be caused by temporary conditions in the 
host, such as drug treatment (37) or physiological 
status [e.g., oxidative stress or pregnancy (35, 38)] 
that will influence transcriptional pathways in the 
parasite positively or negatively. Defining the 
relative contributions of genetically fixed between- 
strain differences, epigenetics, and temporary envi- 
ronmentally induced variability in transcription 
and translation is of major importance to the 
question of how much phenotypic variation in 
malaria parasites is heritable and passed intact 
from host to host via the mosquito, and therefore 
contributes to evolutionary change. 

Ultimately, selection acts on whole-organism 
phenotypes (traits), such as asexual replication 
rate, transmissibility, persistence, and virulence. 
Combined, these traits determine the parasite’s 
fitness, that is, the total number of successful 
transmissions to a new host that the parasite 
achieves within the duration of the infection of its 
current host, roughly calculated as the rate of 
transmission (transmissibility) multiplied by the 
duration of infection (persistence). Virulence, de- 
fined here as the propensity to cause host death, 
shortens the duration of infection, and so acts 
negatively on parasite fitness. Studies in a lab- 
oratory model of malaria, P chabaudi in mice, 
have shown that the intrinsic asexual replication 
rate of a parasite strain is the primary determinant 
of transmissibility, persistence, and virulence, and 
therefore underpins parasite fitness (39, 40). Sim- 
ilarly, in natural infections of P. falciparum, asex- 
ual parasite density is related to transmissibility 
and persistence (39, 41), although the contribu- 
tions of parasite strain and host immunity cannot 
be separated in this case. 

Is there parasite genetic variation in these traits 
on which selection could act? P falciparum strain 
variation has been observed in asexual replication 
rate and gametocyte production both in vitro and in 
vivo in the growth of lines that have been passaged 
through humans (39). Thus, the potential, at least, 
for there being heritable variation in fitness 
component traits has been demonstrated, even if 
its quantity in natural populations has not. 


What Are the Major Selective Pressures 
on the Parasite? 


Among the many sources of selection acting on 
the malaria parasite, five dominate: immunity, 
vector availability, host death, drugs, and co- 
infection. If the host dies (which occurs in about 
1% of cases), it usually does so during the acute 
phase of the illness before the transmissible forms 
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Box 1. Constraints and trade-offs. 


SPECIALSECTION 


Most traits do not evolve in an unlimited way because they are constrained by factors that either 
impede genetic change (e.g., lack of variability or gene flow) or because of competing functions or 


selective forces (trade-offs). 
Constraints. 


¢ Population bottlenecks during transmission of malaria parasites are severe, thus wasting 
most mutational variation generated within each infection of each host species. Nevertheless, 
genome-wide surveys indicate that parasite genetic diversity is very high (17, 21) and unlikely to 


be limiting to rates of adaptation. 
Trade- offs. 


° If selection for transmission potential also selects for virulence (probability of host death), 
this will generate a trade-off because parasites cannot achieve maximum fitness when virulence 


and transmission potential are both high. 


e For every gametocyte produced, an asexual lineage has to sacrifice its future asexual 
reproduction and hence future transmission potential. The costs of high Plasmodium infection to 
the mosquito also may trade against gametocyte production (55, 56). 

¢ Shifting patterns of antigenic diversity in VSAs under immune selection suggest that there is 
some trade-off between their function both as antigens and as cytoadherence ligands, i.e., 


virulence factors (6, 7). 


¢ If infection with Plasmodium reduces fitness of the mosquito, and does so disproportionately 
more in the more virulent parasite strains, there will be a trade-off between virulence and 
transmission, although no strong relationship has yet been observed between virulence in the 


vertebrate and mosquito hosts (57). 


e The frequency of chloroquine-resistant genotypes in a population sometimes decreases after 
chloroquine is withdrawn from use (24), which suggests that there is a metabolic cost to chloroquine 
resistance in the absence of the drug. Whether or not the maintenance of resistance in some regions is 
due to compensatory changes in asexual replication ability, transmissibility, or infection length is not yet 


established. 


(gametocytes) appear in the bloodstream, thus 
causing the parasite to lose all of its transmission 
potential (Fig. 2A). Some drugs, if used effec- 
tively, have the same effect. Host immunity re- 
duces transmission potential by curtailing asexual 
replication, thereby reducing both gametocyte pro- 
duction (transmissibility) and the duration of 
infection (persistence). Ineffectively used drugs 
can do the same. Immunity and drugs, when effec- 
tive, can prevent host death and rescue the parasite. 
Thus, there are both fitness benefits (avoiding host 
death) and costs (reduced transmission potential) of 
immunity and drug use. By contrast, a loss of 
vector availability is always costly to the parasite: 
When the population density of the mosquito 
vector is reduced by seasonal factors, the fitness 
cost is from curtailed infections, whereas in non- 
seasonal transmission areas, the fitness cost is from 
reduced transmissibility. 

By quantifying the realized costs of host 
death, immunity, drugs, and seasonality in P 
falciparum infections under the typical conditions 
prevailing in a high-transmission, malaria-endemic 
area, each of these selection pressures alone is 
shown to have a substantial effect, with immunity 
being the most detrimental and host death the least 
detrimental at the population-wide level (Fig. 2B). 
Although the quantitative outcome of this analysis 
may vary with transmission setting, it reveals sev- 
eral important principles about parasite evolution. 
First, the costs vary across age and immunity 
classes in the host population; for example, the 


cost of host death is greatest in children because 
they are more likely to die and also transmit most, 
and is negligible in adults. Second, age differen- 
tially affects the various types of costs: Parasites 
from adult hosts lose more fitness due to immunity 
than from host death. The consequence of these 
two principles is that, because the benefit-cost 
ratios of each selective force are age and immunity 
dependent, the level of the trait (e.g., virulence) 
that is optimal (i-e., balances the benefits and costs) 
in one class of hosts will be suboptimal in another. 
As the parasite has to evolve to suit the average 
host because it cannot choose which host type it 
infects, what matters for the optimum level is the 
relative population sizes of these immunity classes 
in the host population. For example, children may 
suffer more death than is optimal for the parasite 
because immune adults in the population have 
driven the parasite’s virulence optimum higher. 
Third, selection on the parasite in children (in this 
example) would be more effective in bringing 
about evolutionary change because children con- 
tribute most to the total transmission pool (Fig. 
2C). Fourth, these selection forces cannot be 
considered in isolation because they often interact. 
For example, as immunity increases, host mortal- 
ity is likely to decrease, and drugs may also be 
used less often in semi-immune (where infections 
are typically asymptomatic) than nonimmune 
people. Finally, by affecting the transmission 
output of the parasite, all these forces alter the 
transmission intensity in the environment and 
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hence the age and immunity structure of the host 
population, which feeds back into the parasite’s 
evolutionary optima. Thus, to get a complete pic- 
ture of the parasite’s adaptation in response to 
interventions, an understanding is required of the 
epidemiological dynamics, as well as the fitness 
costs and benefits involved in individual parasite 
infections. 

Other costs to the parasite’s fitness can arise 
from coinfection of hosts with other pathogen 
species and alternative genotypes of the same 
species. In malaria-endemic areas, infection with 
multiple parasite clones is common (42). Para- 
sites of the same species can compete in two 
ways, either by direct competition for host re- 
sources, such as red blood cells, or indirectly for 
“immunity-free space” (42, 43). A third way in 
which coinfecting parasites impact on each 
other’s fitness is through virulence; that is, if one 
strain is too virulent and kills its host, all coin- 
fecting strains suffer loss of absolute fitness (a 
“tragedy of the commons” scenario). The col- 
lective evidence from controlled coinfection ex- 
periments in the mouse malaria model, P. 
chabaudi, suggests that all these potential effects 
of coinfection are important (42-45). How does 
competition affect the direction of selection of 
parasite fitness traits? A tentative generalization 
owing to the small number of studies and com- 
plexity of within-host competitive interactions 
(42) is that parasites with the fastest intrinsic 
growth rates are the ones that have the highest 
competitive ability in terms of asexual growth, 
are the most virulent, and have greater transmis- 
sion output (43-45). 

Another emerging generalization is that 
immunity exacerbates the strength of compe- 
tition (43, 46). If both these generalizations 
apply to P. falciparum in its natural setting, it 
is predicted that there will be a fitness ad- 
vantage to parasites with high intrinsic growth 
rates because they compete better in terms of 
asexual growth and transmission potential. They 
will be at an advantage in high transmission areas 
where mixed infections are more common and 
where immunity levels are higher. However, 
there is much left to learn about within-species 
competition in P. falciparum infections and other 
parasitic diseases and its consequences to public 
health. Similarly, when another pathogen species 
coinfects the host, the fitness of the malaria para- 
site P. falciparum will also be affected. Because 
each combination of pathogen species will elicit a 
different set of interactions, these will need to be 
studied on a case-by-case basis to predict the 
likely outcome of control of the other pathogen. 


Which Direction Will the Selection 
Response Take? 


Given that the fitness costs to the parasite of im- 
munity, drugs, vector availability, and host death 
are substantial, and that the benefit-cost ratios of 
fitness traits differ across host age and immunity 


classes, it follows that changes in environmental 
conditions or control interventions that alter the 
transmission benefits and costs will generate evo- 
lutionary change in the parasite population. This 
idea has been most explored for virulence. For 
example, it has been argued that widespread use 
of an asexual-stage vaccine producing good but 
incomplete immunity might select for higher vi- 
tulence because the most virulent parasites can 
more often “get away with it” under the cover 
of predominantly semi-immune hosts (47). Con- 
versely, it is expected that as host populations 
become less immune due to vector control, 
infection-blocking liver-stage vaccines, and bed- 
nets, there will be evolution to lower virulence 
because the highly virulent parasites will be 
removed by host death. A similar argument has 
been made for drug use in the absence of re- 
sistance (48) and could also be made for host 
resistance genes. This is because, like immunity, 
drugs and host resistance stop host death and 
allow virulent parasites to thrive, but they also cut 
transmission, which the parasite must then re- 
cover by evolving higher transmissibility and per- 
sistence. In these arguments, it is assumed that 
parasites with higher virulence have, on average, 
higher transmission potential than their less vi- 
rulent counterparts, which leads to a higher fre- 
quency of virulent parasites once the cost of 
host death is removed. 

What of other traits, such as persistence or 
transmissibility? Independently of their relation- 
ship with virulence, they are expected to evolve 
to ever greater levels. The fact that they have not 
done so in malaria parasites (i.e., gametocyte den- 
sities are maintained at relatively low densities in 
the blood, and infections do not last for a host’s 
lifetime) suggests that there are some major con- 
straints operating on these traits (Box 1). 

One trait that clearly could evolve indepen- 
dently of virulence is antigenic diversity. The 
question of how it should evolve optimally for 
the parasite can be answered by following the 
fitness benefit-cost principles discussed in the 
previous section. Does a novel antigen increase 
or decrease the probability of host death? To what 
extent is the cost of host death offset by the gain 
or loss in transmission potential? Does the 
antigenic novelty come at a price in terms of 
function and fitness? How do these costs and 


Box 2. Principal issues for future research. 


benefits alter across hosts with different levels of 
immunity? How do they alter within an infection 
as immunity changes? So far, the evidence sug- 
gests that, in the case of var-encoded surface an- 
tigens, antigenic diversity does not appear to 
evolve independently of virulence owing to com- 
peting selective forces on antigenic novelty and 
cytoadherence function (Box 1) (6, 7). 

This fitness benefit-cost approach does not 
work for all situations because traits and genes 
do not evolve in isolation, nor are populations 
always at epidemiological and evolutionary equi- 
libria. Nevertheless, taking this approach is a use- 
ful exercise for deciding which selection pressures 
are most likely to drive evolutionary change and 
in what direction. 


How Long Will It Take and 
What Should We Do? 


Success in malaria control is proceeding apace, 
but not even the most optimistic expect malaria 
to be eradicated in a few decades. The experience 
with drug resistance indicates that rates of para- 
site evolution can be fast: All mass-deployed 
drugs have developed resistance within a few 
years of use and failed widely within one to three 
decades of use (49). This may be so extreme 
because of the very high selective pressures that 
drugs impose (Fig. 2B), but calculations of rates 
of evolution of virulence under a partially effec- 
tive and partially deployed blood-stage vaccine 
similarly suggest it might take 20 to 30 years to 
evolve from a prevaccination to a postvaccina- 
tion level of virulence (47). Thus, parasite evo- 
lution will erode the efficacy of the control 
measure, and it is not a matter of elimination or 
evolution but of which wins the race. This will 
depend on the relative impact of the control mea- 
sure versus that of parasite adaptation on the 
epidemiology of the disease. 

Control interventions need to take into 
account the direct benefits to the individual 
person (e.g., a drug will stop a host dying), the 
indirect benefits to the population (e.g., wide- 
spread drug use will reduce transmission inten- 
sity), and the evolutionary consequences to the 
parasite population that might negate these 
benefits (e.g., drug pressure will select for re- 
sistance and ultimately render the drugs useless). 
In presenting a general framework for malaria 


¢ How fast and how widely are natural populations of malaria parasites adapting in parasite 
fitness traits such as virulence, transmissibility, and persistence? 

¢ How much within-population standing variation is there in parasite fitness traits? 

¢ How much of the phenotypic variation in these traits is due to DNA sequence diversity, 
structural variation in the genome, regulatory variation, epigenetics, and temporary environ- 
mental or host influences, and how heritable is it? 

e Which parasite molecular mechanisms are associated with parasite fitness? 

¢ Are geographically separated parasite populations differentially adapted to their environments? 

¢ What are the genetic variants underlying adaptation to different environmental conditions? 
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parasite evolution that centers around fitness 
costs and benefits, and how these vary across 
and are shaped by different environmental con- 
ditions (e.g., population levels of immunity), we 
hope to facilitate thinking on circumstances under 
which control programs should hit hard or tread 
gently, prevent or cure, use mass or targeted in- 
terventions, and prioritize public health over pri- 
vate benefit. 

A challenging example of this is the policy 
decision that needs to be made about what stage 
in an elimination program drugs should be used 
to cure asymptomatic infections versus only symp- 
tomatic ones. The individual person will be largely 
unaffected by this decision, whereas the popula- 
tion will benefit as a whole if treatment is wide- 
spread. But if there is even a very low frequency 
of resistance in the population, widespread drug 
use in all parasitemic individuals may hasten the 
spread of resistance by increasing the selection 
pressure on the parasite. 

These conflicts between epidemiological con- 
trol and evolutionary erosion of control efficacy, 
although largely inevitable, can be mitigated, and 
we need to identify the strategies that work best for 
both the short-term and long-term. An example of 
this is the choice to use control agents that kill 
Plasmodium-catrying adult mosquitoes when they 
are old rather than when they are young: This is 
because while the effect on parasite transmission 
(and hence public health) is the same regardless of 
the age the mosquitoes die, the efficacy of selec- 
tion for resistance to these control agents is much 
lower in older mosquitoes because their reproduc- 
tive potential has been almost exhausted (50). 
Preventing gene flow between parasite popula- 
tions carrying undesirable properties [e.g., high 
virulence and/or drug resistance (5/)], especially 
in areas where elimination is within reach, is an- 
other example of how the consequences of in- 
terventions can be controlled. Often, however, 
the ability to make these sorts of recommendations 
depends on knowledge that we do not yet have. 

Because parasite fitness is so difficult to mea- 
sure, future research to address outstanding is- 
sues in malaria parasite adaptation (Box 2) will 
probably require indirect approaches, such as 
measuring differences between parasite popula- 
tions that have evolved under different environ- 
mental conditions or measuring properties of 
parasites within populations after they have been 
filtered by selection (e.g., parasites in immune 
versus nonimmune hosts, hosts with severe ver- 
sus mild disease, or hosts treated with drugs ver- 
sus untreated). Genomics-related technologies 
that can simultaneously assess all the genetic 
and molecular variation, such as new-generation 
sequencing, microarray-based measures of whole 
transcriptomes, and high-throughput proteomics, 


www.sciencemag.org SCIENCE VOL 328 


will allow a more direct and faster route from 
phenotype to genotype than ever before. By creat- 
ing a better understanding of gene regulatory and 
functional networks in the parasite, it is hoped that 
a more holistic approach to understanding how 
P. falciparum maintains its extraordinary trans- 
mission capacity may help identify new and 
durable targets for parasite control. 
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Attila Molnar,* Charles W. Melnyk,* Andrew Bassett, Thomas J. Hardcastle, 
Ruth Dunn, David C. Baulcombet 


A silencing signal in plants with an RNA specificity determinant moves through plasmodesmata and 
the phloem. To identify the mobile RNA, we grafted Arabidopsis thaliana shoots to roots that would 
be a recipient for the silencing signal. Using mutants that block small RNA (sRNA) biogenesis in 
either source or recipient tissue, we found that transgene-derived sRNA as well as a substantial 
proportion of the endogenous sRNA had moved across the graft union, and we provide evidence 
that 24-nucleotide mobile sRNAs direct epigenetic modifications in the genome of the recipient 
cells. Mobile sRNA thus represents a mechanism for transmitting the specification of epigenetic 
modification and could affect genome defense and responses to external stimuli that have 
persistent effects in plants. 


cell-autonomous process: It spreads both to 

neighboring cells and systemically over long 
distances (/—3). Mobile silencing operates in a 
nucleotide sequence-specific manner consistent 
with the involvement of RNA as a component of 
the signal, but until now the mobile RNA has not 
been detected. The 24-nucleotide (nt) and 21-nt 


I: flowering plants, RNA silencing is a non— 


species of small RNA (sRNA) have both been 
implicated in mobile silencing, but it could not 
be ruled out that a long sRNA precursor is the 
form that moves (4, 5). Conversely, analyses 
with grafted plants suggested that long sRNA 
precursors are mobile (6), although the data did 
not rule out sRNAs. Here, we describe a sim- 
ilar grafting approach with Arabidopsis thaliana 


combined with high-throughput sequencing to 
detect 21- to 24-nt sRNA molecules that had 
moved across the graft union. Silencing pathway 
mutants allow us to demonstrate that the mobile 
sRNA is synthesized in the source rather than 
the recipient tissue. We show that mobile 24-nt 
sRNAs from three separate genomic loci can 
direct epigenetic modifications in the recipi- 
ent cells. 

Transgene-specific sRNAs are mobile. The 
grafting experiments used transgenic A. thaliana 
plants expressing a green fluorescent protein 
(GFP) transgene (G) as a reporter of RNA si- 
lencing (7) and a GFP-derived hairpin RNA [GF 
inverted-repeat (GF-IR)] to silence GFP (Fig. 1A). 
GFP-expressing plants are green under ultraviolet 
light, so that the movement of the silencing sig- 
nal can be monitored through the loss of green 
fluorescence (Fig. 1, B and C, and fig. S1, A to 
F). In test grafts we ascertained that movement 
of the GFP silencing signal was more efficient 
from shoot to root than vice versa, consistent with 
previous findings of the source-to-sink move- 
ment of viruses and assimilates (8, 9) (fig. S1, 
C and E). Subsequent experiments to analyze 
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Fig. 1. Movement of transgene sRNA. (A) Schematic diagram of the GFP and 
GF-IR transgene constructs. The cauliflower mosaic virus 35S promoter 
(p35S) directed the expression of the GFP and GF-IR transgenes. The GF-IR 
construct contained a chalcone synthase A (ChsA) intron. The GFP and GF-IR 
transgenes contained nopaline synthase (tNOS) or octopine synthase (tOCS) 
terminators, respectively. (B and C) GFP-silenced [GxGF-IR (B)] or GFP- 
expressing (C) shoots were grafted onto GFP-expressing roots of 7-day-old 
Arabidopsis seedlings, and ultraviolet fluorescence (left) and bright-field 
images (right) were taken 5 weeks after grafting. Arrowheads indicate 
emerging silenced roots; chevrons indicate graft junction. Scale bar, 0.5 cm. 
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(D) sRNA sequence libraries generated from grafted Arabidopsis were 
aligned at the first nucleotide position to the GFP coding sequence; the 
positive or negative y axis shows the number of reads at each position on 
either plus or minus strand. The line below the x axis represents positions of 
the GFP coding sequence (green) and the inverted-repeat (GF) region (red). 
See fig. S1 for an independent biological replicate, and table S1 for a 
summary of sRNA library details. 
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mobile silencing were therefore carried out to 
assay shoot-to-root movement. 

sRNA cDNA libraries were generated from 
signal source and recipient tissues 5 weeks after 
grafting. (The sampled tissue in grafted samples 
is underlined below using shoot/root notation.) 
The receiving root tissue was from nontransgenic 
Columbia (Col) genotype plants or from Col- 
dcl2,3,4 triple mutant plants that are unable to 
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Fig. 2. Many endogenous loci produce mobile sRNAs. (A) Size 
profiles of total or nonredundant sRNAs from grafted plants, 
normalized to the number of 21-nt reads. Grafting had a 
significant effect (log-linear model fitting, P < 2.2 x 10° 
on numbers of sRNAs observed in the size classes for both 


produce 22-, 23-, and 24-nt sRNAs from double- 
stranded RNA precursors (/0). In the signal 
donor GxGF-IR shoots, the lack of GFP expres- 
sion was associated with the accumulation of 
GFP-derived sRNAs. All size classes of silencing 
RNAs (21, 22, and 24 nt) were present, 
indicating that multiple DCL proteins can act on 
the precursor of GFP silencing (Fig. 1D). There 
was a bias toward the accumulation of sense 
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total and nonredundant reads. (B to D) Loci based on genome-matching total sRNA counts and 
defined as having a >90% likelihood of expression above background levels, with at least 100 
sRNA sequences in one or more of the sRNA libraries used for the pairwise comparison. Mobile 
sRNA loci are defined as having a >90% likelihood of differential representation. (B) Observed 
relative changes in mobile sRNA loci overrepresented in C24/Col-dcl2,3,4 versus Col-dcl2, 3, 4/Col- 
dcl2,3,4. Replicate C24/Col comparisons are shown as a control. Underrepresented (UR) and non— 
differentially represented (NDR) sRNA loci are shown for comparison. (C) Venn diagram illustrating 
the extent to which the mobile sRNA loci identified overlap in the three pairwise comparisons. Of 


20,679 loci identified from all comparisons, 


7179 were associated with mobility and are 


represented here. (D) Genome features associated with total sRNA, mobile sRNA, and non— 


differentially represented sRNA loci from the Col- 


dcl2,3,4/C24 versus Col/C24 pairwise comparison 


were assigned on the basis of annotated features of the Arabidopsis genome. Asterisks mark 
differences between total sRNA and mobile sRNA loci that are statistically significant (Fisher's exact 


test, P < 107%). 
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strand-specific, GFP-derived sRNAs from local- 
ized “hotspot” regions of the GFP RNA. This 
nonrandom distribution of the sRNA could be 
due to differential processing and/or stability of 
sRNA from different regions of the GFP trans- 
genes (Fig. 1D), and it is likely a mixture of 
primary and secondary sRNAs that were 
produced by an RNA-dependent RNA poly- 
merase on the full-length GFP RNA (//). 

The grafted Col roots had GFP-specific 
sRNAs that were 21 to 24 nt in size, although 
they were less abundant than in the source 
tissue by three orders of magnitude (table S1). 
These RNAs were predominantly from the same 
hotspots of the sense GFP strand as in the source 
tissue (Fig. 1D and fig. S1G). A similar popu- 
lation of sRNAs was present in GxGF-IR/Col- 
dcl2,3,4 roots, although the proportion of 24-nt 
RNA relative to the 21-nt sRNAs was higher 
than in the source tissue or in the Col receiving 
tissue (Fig. 1D and fig. S1G). These 22- to 24-nt 
sRNAs could not have been produced in the 
recipient tissue because of the absence of both 
DCL2 and DCL3, and hence they must have 
translocated from the source tissue. These mobile 
RNAs corresponded to the “GF” and “P” region 
in both Col and Col-dcl2,3,4 roots, indicating 
that both primary and secondary sRNAs are 
mobile (Fig. 1D and fig. S1G). 

Endogenous mobile small RNAs. To find 
out whether endogenous sRNAs are mobile, we 
analyzed the size profile of the sRNA libraries 
from various wild-type and mutant genotypes. 
The wild-type genotype used in this analysis was 
the GxGF-IR line in the C24 genotype back- 
ground (7). The RNA silencing mutants were 
Col-dcl2, 3,4 in the Col background and a mutant 
(sde4-2) in C24 that lacks the functional RNA 
polymerase IV (Pol IV) required for 24-nt sRNA 
biogenesis (12). Col is the most widely used 
Arabidopsis genotype and its genome has been 
sequenced (/3); C24 and Col are more geneti- 
cally diverse than most other pairwise compar- 
isons of Arabidopsis genotypes (/4). Because 
transgene-derived sRNAs accumulate to similar 
levels in the sRNA libraries compared, the trans- 
genes are not relevant to the analysis of the endog- 
enous sRNAs, and these genotypes are referred 
to below as Col, C24, Col-dcl2,3,4, and C24-sde4. 

The grafted Col roots accumulated more 
23- and 24-nt sRNAs than 21-nt sRNAs, accord- 
ing to an analysis of either total or nonredundant 
sequence reads (Fig. 2A). The 21-nt species 
include microRNAs (miRNAs) and small 
interfering RNAs (siRNAs), whereas the 23- 
and 24-nt class includes the siRNAs associ- 
ated with chromatin silencing (/5, /6). In the 
Col-dcl2,3,4/Col-dcl2,3,4 roots, the 23- and 
24-nt sRNAs were reduced to the background 
level because of the lack of DCL3. However, 
the 23- and 24-nt sRNAs in the C24/Col-dcl2,3,4 
roots were near wild-type levels, indicating that 
the endogenous sRNAs are mobile and that they 
account for a substantial proportion of the endog- 
enous sRNA. These mobile sRNAs are likely 
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produced by the sequential action of Pol IV 
and DCL3 in the source tissue, because there 
were very few 23- and 24-nt sRNAs in C24- 
sde4/Col-dcl2,3,4 roots (Fig. 2A and table S2A). 
Moreover, levels of 23- and 24-nt sRNAs in 
grafted roots of wild-type Col or C24 plants 
were lower if they were grafted to Col-dcl2,3,4 
or C24-sde4 shoots rather than wild-type shoots 
(fig. S2, A and B). 

The mobile 23- and 24-nt sRNA popula- 
tions are likely to be derived from many dif- 
ferent genomic loci because they include a high 
proportion of the nonredundant sequence reads 
(Fig. 2A, table S2B). This interpretation is rein- 
forced by pairwise comparisons based on the rep- 
resentation of genomic sRNA in data sets from 
grafted roots (table S3). In each pair the shoots 
differed in that only one was competent to gen- 
erate 23- and 24-nt sRNAs that would migrate into 
the root. Thus, the mobile sRNA loci would be 
more abundantly represented in C24/Col-dcl2,3,4 
than in Col-dcl2,3,4/Col-dcl2,3,4 data sets; the 
same would be true for Col/C24 (relative to Col- 
dcl2,3,4/C24) and for C24/Col (relative to C24- 
sde4/Col) sample data sets (Fig. 2B and fig. S3, A 
and B). The degree of differential representation 
would be high if all of the locus-specific sRNA 
were mobile, and would be correspondingly lower 
if the receiving tissue contained a mixture of 
RNAs that had either moved from the shoot or 
were produced in situ. Our analysis focused on 
loci with more than 100 sRNA reads in at least one 
data set and with a >90% chance of differential 
representation based on the analysis of replicates. 

In these pairwise comparisons the observed 
differential locus representation was predomi- 
nantly by a factor of 2 to 11, which is greater 
than the difference between biological replicates 
(Fig. 2B and fig. S3A). Of the 20,679 total sRNA 
loci, 7179 loci were identified in one or more of 
the comparisons as producing mobile sRNA 
(Fig. 2C). In a parallel analysis considering the 
sRNAs only if they matched a unique site in the 
Col genome, 795 of 2900 sRNA loci were dif- 
ferentially represented (fig. S3, B and C). It is 
therefore likely that a high proportion of the 
genomic sRNA loci produce mobile 23- and 24-nt 
sRNAs, with a substantial proportion being loci 
from which most of the sRNAs migrate from the 
shoot to the root. The sRNA data from the 100 loci 
with highest posterior likelihoods of producing 
mobile sRNAs identified in each of these pairwise 
comparisons are shown in tables S5 to S7. 

Although most of the mobile sRNA loci did 
not correspond to genes (Fig. 2D), a notable ex- 
ception involved the phosphoribosylanthranilate 
isomerase (PAI) tryptophan biosynthetic genes of 
the C24 genotype. C24 has a tail-to-tail inverted 
repeat (PA/I-PA/4) that substitutes for a single 
copy of PA// in Col (fig. S4A) (77). The inverted- 
repeat DNA has dense cytosine methylation and 
might silence the other unlinked C24 PAI loci 
through sRNA-directed DNA methylation, al- 
though the predicted P4J sRNAs have not pre- 
viously been detected (/7, /8). 
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repeat sRNAs. sRNA sequences, 
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We detected 21- to 24-nt sRNAs originat- 
ing from the C24 PA/I-PA/4 locus that are 
absent from the Col data sets (Fig. 3 and fig. 
S4B). The 24-nt P4/ siRNAs are present in the 
C24/Col and C24/Col-dcl2,3,4 data sets, but, 
consistent with their mobility between the shoot 
and root, they are absent in C24-sde4/Col. This 
analysis of the P4/ locus additionally illustrates 
a preference for mobility of 24-nt rather than 21- 
nt sRNAs at this locus. In the shoot samples 
of a C24-sde4 plant, the P4/ 24-nt sRNAs were 
much less abundant than in the wild-type C24 
(Fig. 3 and fig. S4B), but the 21-nt species that 
do not require Pol IV were unaffected or slightly 
increased. However, these 21-nt PAI sRNAs 
were almost absent from a C24-sde4/Col data 
set, which indicates that (unlike the 24-nt siRNAs) 
they are not mobile. This analysis therefore sug- 
gests that the bias toward 24-nt species in the 
mobile sRNAs is not only because they are more 
numerous than the 21-nt species: There might also 
be a link between the Pol IV pathway for bio- 
genesis of the 24-nt sRNAs and the transport 
pathway that mobilizes sRNA between cells and 
in the phloem. 

Mobile sRNAs direct DNA methylation. In 
Fig. 2D we show that the mobile sRNA loci are 
typical of genomic loci producing 24-nt sRNAs 
(6). Genes and pseudogenes are associated with 
only a minority of these loci; the majority are 
associated with transposons and methylated 


DNA in genome-wide analyses of Arabidopsis 
chromatin (19). Prompted by the particularly 
strong correlation with methylated DNA, we 
addressed the possibility that mobile sRNA could 
direct DNA methylation in the recipient tissue. 

We first looked for genomic regions that 
produce mobile 23- and 24-nt sRNAs and at 
which DNA methylation in roots is reduced rel- 
ative to the wild type in a Col-dc/2,3,4 mutant. 
We selected eight loci with Col-DCL2,3,4-dependent 
or C24-specific DNA methylation in nongrafted 
samples that was detectable by digestion of ge- 
nomic DNA with the methylation-dependent 
enzyme Mer BC (fig. SSA). At three of these loci 
(referred to as mbl D, E, and K), there was hyper- 
methylation in the C24/Col-dcl2,3,4 root relative 
to Col-dcl2,3,4/Col-dcl2,3,4. This result is con- 
sistent with a sRNA signal from the shoot moving 
into the root and guiding DNA methylation (Fig. 4 
and fig. SSB). When the silencing signal source 
had an SDE4 mutation, the production of 24-nt 
sRNAs at loci mbl D, E, and K was suppressed 
(Fig. 4A), and, when grafted to a Col-dcl2,3,4 
root, it was unable to rescue DNA methylation at 
these loci (Fig. 4B and fig. SSB). It is therefore 
likely that the mobile sRNA responsible for DNA 
methylation at these three loci is the 24-nt size 
class produced by Pol IV. 

Loci mbl D and E corresponded to methyl- 
ated upstream or promoter regions of MuDR- 
type transposable elements (AT3TE73255 and 


14 MAY 2010 VOL 328 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on May 13, 2010 


Fig. 4. Endogenous mobile a C24/ Col-del2,3,4/  C24/ — C24-sde4/ 
sRNAs direct root DNA methyl- Col Col-del2,3,4 Col-dcl2,3,4 Col-del2,3,4 
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methylated genomic DNA. The 
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AT2TE04060, respectively), whereas locus mbl 
K was in a methylated region downstream of a 
Harbinger-type transposable element (ATSTE00870). 
The effect of the mobile sRNA on DNA meth- 
ylation was greater with loci mbl D and K than 
with locus mbl E (Fig. 4B and fig. S5B). This 
difference could be because loci mbl D and K 
have predominantly asymmetric C methylation 
(CHH) observed in epigenome maps (20) that is 
a diagnostic feature of RNA-directed DNA 
methylation, whereas locus mbl E has a higher 
level of symmetric CG methylation that might be 
independent of sRNA. Bisulfite sequencing of 
locus mbl E confirmed a partial restoration of 
CHH and CHG methylation (fig. S6). 
Discussion. Our data clearly show that DCL- 
generated 24-nt sRNAs are mobile in plants. It is 
likely that these mobile 24-nt sRNAs are pro- 
duced by DCL3 (/5) and that they are a subset 
of the 24-nt sRNAs that have been associated 
with epigenetic effects (12, 16, 27, 22). Long- 
range mobility of 24-nt RNAs is consistent with 
findings that sRNA of this size is present in 
phloem sap samples (23) and also with molec- 
ular analyses showing a correlation between the 
presence of 24-nt sRNA and systemic silencing 
in Nicotiana benthamiana (24). However, move- 
ment of sRNA is not an exclusive property of the 
23- and 24-nt sRNA size class; we also found 
that 22-nt sRNAs produced by DCL2 (/5, 25) 
are mobile (Fig. 1D and fig. S1G). Unfortunately, 
we cannot use our approach to assay the mobility 
of 21-nt sRNAs because of the unavailability of 
viable mutants that completely suppress 21-nt 
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sRNAs. However, given the presence of 21-nt 
GFP sRNAs in the transgene grafting experi- 
ments (Fig. 1D and figs. S1G and S7) and other 
recent data, we consider it likely that there are 
mobile sRNAs in all size classes. Mobility is in- 
fluenced by features of the genomic locus, includ- 
ing the cell type in which the sRNAs accumulate, 
in addition to features of individual sRNA. The 
PAT locus will help to unravel these complex- 
ities because it produces mobile 23- and 24-nt 
species and nonmobile 21- and 22-nt sRNAs. 
In proposing biological roles for mobile 
24-nt sRNAs, we have taken into account the 
possibility that they move into the shoot and to 
the shoot meristem, where they may introduce 
epigenetic effects (Fig. 1 and fig. S7) (/, 77). Our 
finding that very rare sSRNAs such as those in the 
transgene assay (Fig. 1 and fig. S1) can have an 
effect may also be relevant, because it implies the 
existence of an amplification mechanism that 
may also affect endogenous sRNAs. On the basis 
of these considerations, we propose two possible 
roles of the mobile 24-nt siRNAs moving into the 
shoot meristem. These RNAs could allow the 
meristem to respond to even transient activation 
of transposons in somatic cells and thereby 
reinforce epigenetic silencing of these potential- 
ly damaging genetic elements in the cells that 
give rise to the next generation. It could also be 
that the mobile sRNAs mediate responses to 
external stimuli and that they initiate epigenetic 
changes in the meristem that influence compe- 
tency to flower or adaptation to stress (26, 27). 
In the developing seed or pollen (28, 29), the 
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mobile sRNAs could induce transgenerational 
epigenetic changes that adapt progeny to future 
stress. 
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Community Structure in 
Time-Dependent, Multiscale, 
and Multiplex Networks 


Peter J. Mucha,?’2* Thomas Richardson,*? Kevin Macon,” Mason A. Porter,” Jukka-Pekka Onnela®” 


Network science is an interdisciplinary endeavor, with methods and applications drawn from across 
the natural, social, and information sciences. A prominent problem in network science is the 
algorithmic detection of tightly connected groups of nodes known as communities. We developed a 
generalized framework of network quality functions that allowed us to study the community 
structure of arbitrary multislice networks, which are combinations of individual networks coupled 
through links that connect each node in one network slice to itself in other slices. This framework 
allows studies of community structure in a general setting encompassing networks that evolve over 
time, have multiple types of links (multiplexity), and have multiple scales. 


tradition in fields such as sociology and 
mathematics, and it is now ubiquitous in 
academic and everyday settings. An important 
tool in network analysis is the detection of 
mesoscopic structures known as communities (or 
cohesive groups), which are defined intuitively as 
groups of nodes that are more tightly connected to 
each other than they are to the rest of the network 
(J-3). One way to quantify communities is by a 
quality function that compares the number of 
intracommunity edges to what one would expect 
at random. Given the network adjacency matrix A, 
where the element A, details a direct connection 
between nodes i and j, one can construct a qual- 
ity function QO (4, 5) for the partitioning of nodes 
into communities as O = ¥' (Aj — P)8(gi, 3), 
where 6(g;, g;) = | if the community assignments 
g; and g; of nodes 7 and j are the same and 0 
otherwise, and P; is the expected weight of the 
edge between 7 and / under a specified null model. 
The choice of null model is a crucial con- 
sideration in studying network community struc- 
ture (2). After selecting a null model appropriate 
to the network and application at hand, one can 
use a variety of computational heuristics to assign 
nodes to communities to optimize the quality O 
(2, 3). However, such null models have not been 
available for time-dependent networks; analyses 
have instead depended on ad hoc methods to 


T=: study of graphs, or networks, has a long 
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piece together the structures obtained at different 
times (6-9) or have abandoned quality functions 
in favor of such alternatives as the Minimum 
Description Length principle (70). Although tensor 
decompositions (//) have been used to cluster 
network data with different types of connections, 
no quality-function method has been developed 
for such multiplex networks. 

We developed a methodology to remove these 
limits, generalizing the determination of commu- 
nity structure via quality functions to multislice 
networks that are defined by coupling multiple 
adjacency matrices (Fig. 1). The connections 
encoded by the network slices are flexible; they 
can represent variations across time, variations 
across different types of connections, or even 
community detection of the same network at 
different scales. However, the usual procedure for 
establishing a quality function as a direct count of 
the intracommunity edge weight minus that 


Fig. 1. Schematic of a multislice network. Four slices 
s ={1, 2, 3, 4} represented by adjacencies A;, encode 
intraslice connections (solid lines). Interslice con- 
nections (dashed lines) are encoded by G;,,, specifying 
the coupling of node j to itself between slices r and s. 
For clarity, interslice couplings are shown for only two 
nodes and depict two different types of couplings: (i) 
coupling between neighboring slices, appropriate for 
ordered slices; and (ii) all-to-all interstice coupling, 
appropriate for categorical slices. 


expected at random fails to provide any contribu- 
tion from these interslice couplings. Because they 
are specified by common identifications of nodes 
across slices, interslice couplings are either present 
or absent by definition, so when they do fall inside 
communities, their contribution in the count of intra- 
community edges exactly cancels that expected at 
random. In contrast, by formulating a null model in 
terms of stability of communities under Laplacian 
dynamics, we have derived a principled generaliza- 
tion of community detection to multislice networks, 


coupling = 0 


nodes 


2 3 
resolution parameters 


coupling = 0.1 


nodes 


2 3 
resolution parameters 


coupling = 1 


nodes 


1 2 3 4 
resolution parameters 


Fig. 2. Multislice community detection of the 
Zachary Karate Club network (22) across multiple 
resolutions. Colors depict community assignments of 
the 34 nodes (renumbered vertically to group 
similarly assigned nodes) in each of the 16 slices 
(with resolution parameters y, = {0.25, 0.5, ..., 4), 
for o = O (top), m = 0.1 (middle), and w = 
1 (bottom). Dashed lines bound the communities 
obtained using the default resolution (y = 1). 
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with a single parameter controlling the interslice 
correspondence of communities. 

Important to our method is the equivalence 
between the modularity quality function (/2) [with 
a resolution parameter (5)] and stability of com- 
munities under Laplacian dynamics (/3), which 
we have generalized to recover the null models for 
bipartite, directed, and signed networks (/4). First, 
we obtained the resolution-parameter generaliza- 


tion of Barber’s null model for bipartite networks 
(/5) by requiring the independent joint probability 
contribution to stability in (/3) to be conditional 
on the type of connection necessary to step 
between two nodes. Second, we recovered the 
standard null model for directed networks (/6, /7) 
(again with a resolution parameter) by generaliz- 
ing the Laplacian dynamics to include motion 
along different kinds of connections—in this case, 


A Year 
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1784R, 276D, 149DR, 162J, 53W, 84other i 
[pperieat as Santas oa 8 ee Se ne Rm aaa 
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40PA, 24F, 8AA said ci ol arlene 
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1 Regen s ee 
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Fig. 3. Multislice community detection of U.S. Senate roll call vote similarities (23) with m = 0.5 coupling 
of 110 slices (i.e., the number of 2-year Congresses from 1789 to 2008) across time. (A) Colors indicate 
assignments to nine communities of the 1884 unique senators (sorted vertically and connected across 
Congresses by dashed lines) in each Congress in which they appear. The dark blue and red communities 
correspond closely to the modern Democratic and Republican parties, respectively. Horizontal bars 
indicate the historical period of each community, with accompanying text enumerating nominal party 
affiliations of the single-slice nodes (each representing a senator in a Congress): PA, pro-administration; 
AA, anti-administration; F, Federalist; DR, Democratic-Republican; W, Whig; AJ, anti-Jackson; A, Adams; J, 
Jackson; D, Democratic; R, Republican. Vertical gray bars indicate Congresses in which three communities 
appeared simultaneously. (B) The same assignments according to state affiliations. 
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both with and against the direction of a link. By 
this generalization, we similarly recovered a null 
model for signed networks (/8). Third, we 
interpreted the stability under Laplacian dynamics 
flexibly to permit different spreading weights on 
the different types of links, giving multiple reso- 
lution parameters to recover a general null model 
for signed networks (/9). 

We applied these generalizations to derive null 
models for multislice networks that extend the 
existing quality-function methodology, including 
an additional parameter @ to control the coupling 
between slices. Representing each network slice s 
by adjacencies A,, between nodes i and j, with 
interslice couplings C;,., that connect node / in slice 
r to itself in slice s (Fig. 1), we have restricted our 
attention to unipartite, undirected network slices 
(Ajjs = Ajis) and couplings (Cj; = Cjs,), but we can 
incorporate additional structure in the slices and 
couplings in the same manner as demonstrated for 
single-slice null models. Notating the strengths of 
each node individually in each slice by kj, = DA js 
and across slices by cy = Cj, we define the 
multislice strength by «;, = Aj, + cs. The continuous- 


time Laplacian dynamics given by 
; (AjgSy- + 8j Civ.) D> 
Pig = Lip “ ara oa —px (1) 
‘ir 


respects the intraslice nature of Aj, and the 
interslice couplings of Gir Using the steady-state 
probability distribution Di, = Kir /2u, where 2u = 
Dd jrsjr, We obtained the ‘multislice null model in 
terms of the probability p;,, ;, of sampling node 7 in 
slice s conditional on whether the multislice struc- 
ture allows one to step from ( /, 7) to (i, s), accounting 
for intra- and interslice steps separately as 


p Dp. = ( Kis Kir eee Cor Cir 3 
is| jrP jr sr T ij 
ues r Cir Kir 


where m, = ¥ jj, The second term in parentheses, 
which describes the conditional probability of 
motion between two slices, leverages the definition 
of the C;, coupling. That is, the conditional 
probability of stepping from (/, 7) to (i, s) along 
an interslice coupling is nonzero if and only if i=/, 
and it is proportional to the probability C;,,/«;, of 
selecting the precise interslice link that connects to 
slice s. Subtracting this conditional joint probability 
from the linear (in time) approximation of the 
exponential describing the Laplacian dynamics, we 
obtained a multislice generalization of modularity 


(14): 
1 
Ornutistice = Qu = (4 iis Vs 


Kir 
2u 


(2) 


Kis Kis 
2ms 


be) a: 


8)Cr |8( G87) (3) 
where we have used reweighting of the conditional 
probabilities, which allows a different resolution y, 
in each slice. We have absorbed the resolution pa- 
rameter for the interslice couplings into the mag- 
nitude of the elements of C;,., which, for simplicity, 
we presume to take binary values {0,c} indicating 
the absence (0) or presence («) of interslice links. 
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Table 1. Communities in the first wave of the multiplex “Tastes, Ties, and Time” network (24), using the 
default resolution (y = 1) in each of the four slices of data (Facebook friendships, picture friendships, 
roommates, and housing groups) under various couplings w across slices, which changed the number of 
communities and percentages of individuals assigned on a per-slice basis to one, two, three, or four 


communities. 
Number of Communities per individual (%) 

a ous 

communities 1 2 3 4 
0 1036 0 0 0 100 
0.1 122 14.0 40.5 37.3 8.2 
0.2 66 19.9 49.1 25.3 5.7 
0.3 49 26.2 48.3 21.6 3.9 
0.4 36 31.8 47.0 18.4 2.8 
0.5 31 39.3 42.4 16.8 155 
1 16 100 0 0 0 


Community detection in multislice networks 
can then proceed using many of the same com- 
putational heuristics that are currently available for 
single-slice networks [although, as with the stan- 
dard definition of modularity, one must be cautious 
about the resolution of communities (20) and 
the likelihood of complex quality landscapes that 
necessitate caution in interpreting results on real 
networks (2/)]. We studied examples that have 
multiple resolutions [Zachary Karate Club (22)], 
vary over time [voting similarities in the U.S. Senate 
(23)], or are multiplex [the “Tastes, Ties, and Time” 
cohort of university students (24)]. We provide 
additional details for each example in (/4). 

We performed simultaneous community de- 
tection across multiple resolutions (scales) in the 
well-known Zachary Karate Club network, which 
encodes the friendships between 34 members of a 
1970s university karate club (22). Keeping the 
same unweighted adjacency matrix across slices 
(Aj; = Aj for all s), the resolution associated with 
each slice is dictated by a specified sequence of 
Ys parameters, which we chose to be the 16 values 
Ys = (0.25, 0.5, 0.75, ...,4}. In Fig. 2, we depict 
the community assignments obtained for cou- 
pling strengths m = {0, 0.1, 1} between each 
neighboring pair of the 16 ordered slices. These 
results simultaneously probe all scales, includ- 
ing the partition of the Karate Club into four com- 
munities at the default resolution of modularity 
(3, 25). Additionally, we identified nodes that have 
an especially strong tendency to break off from 
larger communities (e.g., nodes 24 to 29 in Fig. 2). 

We also considered roll call voting in the U.S. 
Senate across time, from the Ist Congress to the 
110th, covering the years 1789 to 2008 and includ- 
ing 1884 distinct senator IDs (26). We defined 
weighted connections between each pair of sen- 
ators by a similarity between their voting, specified 
independently for each 2-year Congress (23). We 
studied the multislice collection of these 110 
networks, with each individual senator coupled to 
himself or herself when appearing in consecutive 
Congresses. Multislice community detection un- 
covered interesting details about the continuity 
of individual and group voting trends over time 
that are not captured by the union of the 110 in- 
dependent partitions of the separate Congresses. 


Figure 3 depicts a partition into nine communities 
that we obtained using coupling w = 0.5. The 
Congresses in which three communities appeared 
simultaneously are each historically noteworthy: 
The 4th and Sth Congresses were the first with 
political parties; the 10th and 11th Congresses 
occurred during the political drama of former Vice 
President Aaron Burr’s indictment for treason; the 
14th and 15th Congresses witnessed the beginning 
of changing group structures in the Democratic- 
Republican party amidst the dying Federalist party 
(23); the 31st Congress included the Compromise 
of 1850; the 37th Congress occurred during the 
beginning of the American Civil War; the 73rd and 
74th Congresses followed the landslide 1932 
election (during the Great Depression); and the 
85th to 88th Congresses brought the major 
American civil rights acts, including the congressio- 
nal fights over the Civil Rights Acts of 1957, 1960, 
and 1964. 

Finally, we applied multislice community 
detection to a multiplex network of 1640 college 
students at a northeastern American university 
(24), including symmetrized connections from the 
first wave of this data representing (1) Facebook 
friendships, (ii) picture friendships, (iii) roommates, 
and (iv) student housing-group preferences. Be- 
cause the different connection types are categorical, 
the natural interslice couplings connect an individ- 
ual in a slice to himself or herself in each of the 
other three network slices. This coupling between 
categorical slices thus differs from that above, 
which connected only neighboring (ordered) slices. 
Table | indicates the numbers of communities and 
the percentages of individuals assigned to one, two, 
three, or four communities across the four types of 
connections for different values of w, as a first 
investigation of the relative redundancy across the 
connection types. 

Our multislice framework makes it possible to 
study community structure in a much broader class 
of networks than was previously possible. Instead 
of detecting communities in one static network at a 
time, our formulation generalizing the Laplacian 
dynamics approach of (/3) permits the simulta- 
neous quality-function study of community struc- 
ture across multiple times, multiple resolution 
parameter values, and multiple types of links. We 


used this method to demonstrate insights in real- 
world networks that would have been difficult or 
impossible to obtain without the simultaneous 
consideration of multiple network slices. Although 
our examples included only one kind of variation at 
a time, our framework applies equally well to 
networks that have multiple such features (e.g., 
time-dependent multiplex networks). We expect 
multislice community detection to become a 
powerful tool for studying such systems. 
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High-NOON States by Mixing Quantum 


and Classical Light 


Itai Afek, Oron Ambar, Yaron Silberberg* 


Precision measurements can be brought to their ultimate limit by harnessing the principles of 
quantum mechanics. In optics, multiphoton entangled states, known as NOON states, can be used 
to obtain high-precision phase measurements, becoming more and more advantageous as the 
number of photons grows. We generated “high-NOON” states (W = 5) by multiphoton interference 
of quantum down-converted light with a classical coherent state in an approach that is inherently 
scalable. Super-resolving phase measurements with up to five entangled photons were produced 
with a visibility higher than that obtainable using classical light only. 


ntanglement is a distinctive feature of 
| eee mechanics that lies at the core 

of many new applications in the emerg- 
ing science of quantum information. Multi- 
particle entangled states are central to quantum 
computing, quantum teleportation, and quan- 
tum metrology (/). A particularly useful class of 
states are the maximally path-entangled multi- 
photon entangled states (NOON states) 


1 
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which contain N indistinguishable particles in 
an equal superposition of all being in one of two 
possible paths A and B (2). These states are 
“Schrédinger cats,” as they consist of a superpo- 
sition of two highly distinct states correspond- 
ing to the “dead and alive” cat. The larger the 
value of N, the bigger the cat is, thus bringing us 
closer to the regime of macroscopic entangle- 
ment envisioned originally by Schrédinger (3). 
Realization of such states is required for the ex- 
perimental study of fundamental questions such 
as the effect of decoherence on many-particle en- 
tanglement (4, 5). In addition, NOON states are 
the enabling technology behind various quantum 
measurement schemes. In optics, a NOON state 
with NV entangled photons acquires a phase at a 
rate N times as fast as classical light (6). This 
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leads to enhanced phase sensitivity, which can be 
used for reaching the fundamental Heisenberg 
limit (2), and to phase super-resolution, which 
is the key to sub-Rayleigh resolution in quan- 
tum lithography (7). NOON states based on nu- 
clear spin (8) and atomic spin waves (9) have 
also been shown to allow enhanced measure- 
ment sensitivity. 

Our goal is to generate optical NOON states 
with high photon numbers. Various schemes 
for generating such states have been suggested 
(2, 10-15). However, existing realizations (/6—/8) 
have been limited to three-photon states. We 
note that a “NOON-like” four-photon state has 
been generated, but only by using four rather 
than two spatial modes (/9). In addition, a num- 
ber of experiments have used state projection to 
focus on the NOON component of various initial 
N-photon states (20-23). 

We present an experimental realization of an 
approach that yields NOON states with arbitrar- 
ily high photon numbers (24, 25). The underly- 
ing principle is that when a classical coherent 
state and quantum down-converted light are 
mixed properly using a standard beamsplitter, 
the emerging state shows “Schrédinger cat”— 
like behavior; that is, virtually all the photons 
exit collectively from one of the beamsplitter 
ports or the other (Fig. 1A). The approach is 
appealing because of its inherent simplicity, as it 
relies on a fundamental unmodified multiphoton 
interference effect. Consider a 50/50 beamsplit- 


A ‘Quantum’ light B Fig. 1. Theoretical properties of the generated states. (A) 
(SPDC) Vacuum Classical light is mixed on a beamsplitter with quantum photon 

‘Classical’ light pairs produced by collinear SPDC. Bar heights represent the 
(Coherent state) 6 Coherent state 4 probability for m, n photons in output modes c, d, respectively. 
A A The “corner’-like shape illustrates the tendency of all the 


photons to collectively exit from the same output port, exhibiting 
“Schrédinger cat”—like behavior. The effect occurs for arbitrary 
photon fluxes and is demonstrated here using 1.2 photons per 
pulse from each input. (B) The same as (A) but using only the 
classical light, shown for comparison. The photons at the outputs 
are clearly in a separable (unentangled) state. (C) Fidelity Fy 
versus N in an ideal setup. The pair amplitude ratio y, which 
maximizes the NOON state overlap, was chosen separately for 
each N. Optimal fidelity is always larger than 0.92, and it 
approaches 0.943 asymptotically for large N. The inset shows 
that when y is optimized for NV = 15, the fidelity for nearby NV is 
also high. In this case F > 0.75 for N = 12 to 19, simultaneously. 
(D) Simulated W-fold coincidences as a function of Mach-Zehnder 
phase for V = 5 or 12, demonstrating N-fold super-resolution. 
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Fig. 2. Experimental setup. SPDC 
(A) Schematic of the setup de- 

picting a Mach-Zehnder interfer- Coherent 
ometer (MZ) fed by a coherent slate n b 


state and SPDC. The NOON 


states occur in modes ¢ and d 
after the first beamsplitter. Mea- 
surement of multiphoton co- CG 


incidences is performed using 
photon number-resolving de- \ 

tectors. (B) Detailed layout of bea 

the setup. A pulsed Ti:sapphire Photon number 
oscillator with 120-fs pulses resolving detectors 
at a repetition rate of 80 MHz B 
is doubled using a 2.74-mm 


State preparation 


ter fed by a coherent state, |o),,, in one input port 
and collinear degenerate spontaneous parame- 
tric down-conversion (SPDC), |&),, in the other 
(Fig. 1A). The input states are defined in the 
conventional way (6): 


oO 1 Fi 1 
ja) = & exp(—Flal*) Sin, 


n=0 Vnl 
a = |a| exp(i®,s) (2) 
=< F yr (tant 7)|2m) 


lithium triborate (LBO) crystal Ti: Sapphire 

to obtain 404-nm ultraviolet ees LBO SPF 
pulses with maximum power 
of 225 mW. These pulses 
then pump collinear degen- 
erate type | SPDC at 808 nm 
using a 1.78-mm beta barium 
borate (BBO) crystal. The SPDC 
(H polarization) is mixed with 
attenuated coherent light (V 
polarization) using a polarizing 
beamsplitter (PBS). A ther- 
mally induced drift in the rel- 
ative phase is corrected every 9=|- — — — — 
few minutes with the use of a 
liquid crystal (LC) phase re- 
tarder. The MZ is polarization- 
based in a collinear, inherently N PBS mp ©” pur 
phase-stable design. The MZ 
phase is controlled using an 
additional LC phase retarder at (errr ee ae ees 
45°, which adjusts the phase 

between X and Y polarizations. The spatial and spectral modes are matched using a polarization-maintaining 
fiber (PMF) and a 3-nm (full width at half maximum) bandpass filter (BPF). Photon number—resolving 
detection is performed using an array of single-photon counting modules (SPCM, Perkin Elmer). 


BBO 


UV 


ee mecohetent 
@(H,V) A 
state V 


Detection Mach Zehnder 


2” m! 


Vv cosh rm=0 
(3) 


where the phase of |&) has been set arbitrarily to 
zero, leaving the relative phase of the two inputs 
to be determined by 0,,. We denote the pair 
amplitude ratio of the coherent state and SPDC 
inputs by y = |al?/r. In physical terms, y* is the 
two-photon probability of the classical source 
divided by that of the quantum source. The larger 
the value of y, the higher the relative weight of 
the classical resources. The state at the beamsplit- 
ter output, [Youre is highly path-entangled. A 
general N-photon two-mode state can be written 
as Yp_ouelk).|N — &),y. The creation of an ideal 
NOON state would require elimination of all the 
“non-NOON” components (i.¢., “1, ..., Uy—1 = 0). 
The present scheme does this almost perfectly 
by using the naturally emerging multiphoton 
interference (Fig. 1A). The fidelity of the output 
state’s normalized N-photon component, |y’,,), 
with a NOON state is Fy = |(N::0}wy,,)| . Itcan 
be shown that by choosing 0,, = 1/2 and op- 
timizing y for each N, one can achieve Fy > 0.92 


Fig. 3. Experimental re- 1 


sults: Coincidence measure- | 400 rA 7 = 
ments demonstrating N-fold ~~ 
super-resolution for N= 2, ‘@ 2007 : D 
3, 4, and 5 with no back- . ® 
ground subtraction. Error S 0 B T T T T S 
bars indicate +o statistical 6 140} 4 So 
uncertainty. Solid lines are =“& 6 
obtained using an analytical © 707 7 710.02 
model (26). Numbers of 

simultaneous “clicks” in de- o-— —— 0 

tectors D, and D, are denoted 0.03 ae 

N, and Nz, respectively (Fig. W 0.02 wT 
2B). (A and B) Two-photon = = 
rate with My, N2=1,1(A) 2 0.01 0.02 2 
and Ny, No = 2,0(B). (C= c 
and D) Three-photon rate © S 
with N, Nz = 2, 1 (© and = 0.06 0.01 2 
Nz, No =3,0(D).(EandF) > oo4 = 
Four-photon rate with N,, 0.02 

N> = 3, 1 (E) and Ny, N> = 


2, 2 (F). (G) Five-photon 0 n/2 T 3n/2 2n 0 
rate with Nz, N2 = 3, 2. For MZ Phase [rad] 
each N the pair amplitude 


n/2 tT 3/2 2n 
MZ Phase [rad] 


ratio y was chosen separately to maximize the NOON state fidelity. The optimal a weighted least-squares sine-cosine decomposition restricted to frequencies of 0, 
values (obtained analytically) are yo = y3 = 1, yq = V3, and ys = 9/(\/10 + 1, ..., N (27). The values for plots (A) to (G) are V= 95 + 0.0%, 88 + 0.03%, 86 + 
1) = 2.16. Visibility of the sinusoidal patterns with W oscillations is determined by 0.6%, 80 + 1.9%, 74 + 3%, 73 + 2.4%, and 42 + 2%, respectively. 
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for arbitrary N (Fig. 1C). The theoretical overlaps 
for the states generated in this work are Fy = 1, 
1, 0.933, and 0.941 for N = 2, 3, 4, and 5, 
respectively. We note that the four-photon val- 
ue is much higher than the theoretical fidelity 
of 0.75 obtainable using down-conversion only 
(22, 23). 

To verify the V-photon coherence of the gen- 
erated states, we use a Mach-Zehnder interfer- 
ometer (Fig. 2). This is the prototypical setup used 
in schemes for quantum lithography and reduced- 
noise interferometry (2). The quantum and clas- 
sical inputs are prepared in perpendicular linear 
polarizations (H, V) and spatially overlapped using 
a polarizing beamsplitter. A Mach-Zehnder inter- 
ferometer (MZ) is then implemented in an in- 
herently phase-stable, collinear design so that the 
NOON state mode subscripts c, d may now be re- 
placed by X, Y (+45° polarizations). After appli- 
cation of the MZ phase shift @~, the state |N, 0) + 
|0, Nyy evolves to |N, 0)» + expiN@)|0, Nyy. 
This gives rise to interference oscillations N times 
as fast as those of a single photon with the same 
frequency (2). 

In the experimental results (Fig. 3), two- to 
five-photon coincidence rates were measured 
as a function of the MZ phase. We denote the 
number of photon “clicks” in detectors D, and 
Dy as N, and No, respectively. The N;, N> co- 
incidence rate is expected to demonstrate a de 
Broglie wavelength (6) of A/N, where N = N, + 
Np is the total number of photons. The red curves 
are produced by an analytical model of the ex- 
periment, accounting for the overall transmis- 
sion and the positive operator-value measures of 
the detectors (26). The two- and three-photon 
results were measured simultaneously with y2 = 
Y3 = | (the subscript of y denotes the value of NV 
for which it was optimized) using a mere 2 mW 
of ultraviolet power to pump the SPDC. The 
results in Fig. 3, C and D, show a visibility of 
86 + 0.6% for 2, 1 photons and 80 + 1.9% for 
3, 0 photons. The four-photon measurements 
were taken with y, = V3 and 25 mW of ultra- 
violet pump power. They exhibit similar visibil- 
ities for the 3, 1 and the 2, 2 options: 74 + 3% and 
73 + 2.4%, respectively (Fig. 3, E and F). Finally, 
the N = 5 NOON state has a visibility of V= 42 + 
2% for 3, 2 photons and was taken using 215 
mW of ultraviolet pump power and setting 
ys = 9/(/10 + 1) = 2.16 (Fig. 3G), implying 
that y3 ~ 4.7 times as many photon pairs 
originate from the coherent state as from the 
SPDC. All the above visibilities manifest the 
high NOON-state overlap of the generated 
states. These visibilities significantly exceed 
the super-resolution bound for classical states, 
which we have recently derived (27). In 
particular, the classical bound for the five- 
photon measurement is 16.67%, which is surpassed 
here by more than 12 standard deviations. The 
visibility of the experimental plots is determined 
by the overall setup transmission, which we 
denote as yn. For n < 1, high-order events con- 
tribute a background to the N-fold coincidence 
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rate. In the current setup we estimate n ~ 0.12 on 
the basis of the SPDC coincidence-to-singles 
ratio. 

The realized scheme works naturally for 
arbitrary N (24). This requires no alterations to 
the setup, except for the use of detectors that 
can resolve N-photon events and setting y ap- 
propriately. This is in contrast to previous ex- 
periments that were customized to a specific 
value of N (/6—/8). Our implementation is 
limited to NV = 5 mainly by the overall setup 
transmission (n ~ 0.12). A higher value would 
allow the generation of even larger states (26). 
Furthermore, most of the photons in this scheme 
originate from the coherent (classical) light 
source, which is practically unlimited in inten- 
sity. This eliminates the need for bright SPDC 
sources, providing experimental simplification. 
Finally, the scheme involves no state projection 
or post-selection, implying that all the N-photon 
events contribute to the measurable N-photon 
interferences. 

The N-fold coincidence plots of Fig. 1D 
exhibit N zero points, as expected from per- 
fect maximally path-entangled states, albeit 
with somewhat modulated peak heights. In 
fact, it has been shown (24) that as a result of 
the high fidelity, we can expect a phase sensitiv- 
ity that is only slightly lower than the Heisenberg 
limit for a given N-photon component. Thus, 
the small deviation from an ideal NOON state 
is not a major limiting factor and is more than 
compensated for by the intrinsic 100% effici- 
ency. Furthermore, although the state at hand 
is optimized for a given N = No, there is a 
range of N values surrounding No that also 
have considerable NOON fidelity (Fig. 1, A 
and C). Thus, the generated state is actually a 
superposition of NOON states with various 
photon numbers, each of which contributes to 
the enhanced phase sensitivity. As a result, 
the current method could allow exceeding of 
the standard quantum limit while accounting 
for the complete photon number distribution 
(25). 

It is interesting that a setup similar to the one 
in Fig. 2A, but with much stronger light fields, is 
commonly used for obtaining quantum noise 
reduction via homodyne detection (6). Homo- 
dyne detection is a highly developed technique 
based on the measurement of the continuous- 
variable field quadratures. Our experiment shows 
that extending the concept of squeezed vacuum 
and coherent light interference into the weak 
local oscillator regime is extremely fruitful. The 
states emerging from this interference, for a given 
N, are almost perfect NOON states. This implies 
a fundamental connection between quantum 
noise reduction (with continuous variables) and 
creation of NOON states (in photon number— 
resolving experiments). 

The key to extending this work to even 
higher NOON states is in improving the overall 
transmission. This highlights the need for high- 
purity SPDC sources that can be spectrally mode- 
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matched to coherent states (28-30). Improved 
single-mode coupling of the photon pairs and 
high-efficiency photon number-resolving de- 
tectors (37, 32) would also be extremely ben- 
eficial. The inherent scalability opens the way 
to exciting applications in high-sensitivity inter- 
ferometry, quantum imaging, and sub-Rayleigh 
lithography. 
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Hydrogen Bonding Controls the 
Dynamics of Catechol Adsorbed 
on a 7i10,(110) Surface 


Shao-Chun Li,’* Li-Na Chu,” Xue-Qing Gong,” Ulrike Diebold?’3* 


Direct studies of how organic molecules diffuse on metal oxide surfaces can provide insights into catalysis 
and molecular assembly processes. We studied individual catechol molecules, C,H4(OH)2, on a rutile 
TiO2(110) surface with scanning tunneling microscopy. Surface hydroxyls enhanced the diffusivity of adsorbed 
catecholates. The capture and release of a proton caused individual molecules to switch between mobile 
and immobile states within a measurement period of minutes. Density functional theory calculations 
showed that the transfer of hydrogen from surface hydroxyls to the molecule and its interaction with 
surface hydroxyls substantially lowered the activation barrier for rotational motion across the surface. 
Hydrogen bonding can play an essential role in the initial stages of the dynamics of molecular assembly. 


is key to a wide variety of processes, in- 
cluding catalysis, molecular self-assembly, 
and the formation of supramolecular structures 
(/, 2). Direct observation of single diffusion events 
has given many insights into atomic-scale pro- 
cesses, such as the occurrence of long jumps (3). 
One particular interesting phenomenon, which 
is best viewed by scanning tunneling microscopy 
(STM), is the interaction between neighboring mol- 
ecules or coadsorbates (4—8). For example, metal 
oxide surfaces are usually hydroxylated or hy- 
drated under ambient conditions, so hydrogen 
diffusion is particularly important. Its influence 
on the diffusion processes of other adsorbates has 
been established with area-averaging techniques 
(9), but atomic-scale information about how 
exactly it affects diffusion mechanisms is sparse. 
We used STM to study the dynamics of cate- 
chol [CgH4(OH),] adsorbed on rutile Ti0,(110), 
which serves as a model for individual organic 
molecules adsorbed on an oxide surface. TiO, is a 
wide—band-gap (~3-eV) semiconductor that finds 
applications in a wide variety of technical fields, 
and the rutile Ti02(110) surface has evolved as a 
main model system in surface science for study- 
ing molecular processes on oxides (/0—/3). Cate- 
chol is an aromatic chemical compound with two 
neighboring hydroxyl groups substituted on the 
benzene ring (Fig. 1A). It is a common linker 
molecule for anchoring organics on surfaces; for 
example, dyes for dye-sensitized solar cells. 
The TiO,(110) surface consists of rows of 
fivefold-coordinated Ti atoms (Tis.) separated by 
rows of twofold-coordinated, bridge-bonded O 
atoms (O>,) (10). A few percent of these O, atoms 
can be removed by heating under vacuum. The 


T: diffusion of molecules across surfaces 
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number of the resulting O vacancies is somewhat 
variable depending on sample pretreatment. Disso- 
ciation of water at these defects leads to a partially 
hydroxylated surface. Figure 1B shows an STM 
image with a small amount of O vacancies, hy- 
droxyls, and a few catechol molecules. Each spe- 
cies is distinguished by its apparent height in STM 
(Fig. 1C). 

When a catechol molecule adsorbs on 
Ti0,(110), both terminal OH groups dissociate 
and the H’s bind to the O., atoms to form addi- 
tional surface hydroxyls. The molecule itself is 
linked to two neighboring Tis, sites via its O atoms; 
that is, as bridging bi-dentate catecholate (/4). Such 
a bridging bi-dentate configuration is also common 
to a large variety of organic acids on TiO,(110) 
(10, 15). For low surface coverages, when the cate- 
cholate molecules are isolated from each other, 
the benzene ring is upright with its plane parallel 
to the Tis, rows. (The molecules are still imaged as 
round protrusions in STM.) At the saturation cov- 
erage of half a monolayer (ML, where 1 ML 
corresponds to the number density of Tis, sites), a 
closely packed layer with a (4 x 1) superstructure 
is formed, and neighboring molecules tilt to the 
left and right by ~30° with respect to the Tis, row 
in an alternating fashion (/4). The H atom can 
easily transfer back to the catecholate from the 


Fig. 1. (A) Ball model of a 
catechol molecule. (B) STM 
image (10 by 12 nm, sam- 
ple bias voltage = +1.48 V, 
tunneling current = 0.05 nA, 
temperature = 300 K) of a 
TiO2(110) surface with a low 
coverage of catechol. Lines 
point out three species with 
different heights; the respec- 
tive profiles are displayed in 
(©. (C) The highest features 
(green line) are due to single 
catechol molecules; the sec- 


Catecholate 


Hydroxyl 
O vacancy 


surface O,, (activation energy E,,., is calculated 
to be 0.16 eV only) (/4). In fact, in the (4 x 1) 
overlayer, half of the catecholates have regained 
one H and form a H bond with a neighboring 
molecule. (/4) The facile H transfer between ad- 
sorbed catecholates and the surface is instrumen- 
tal for molecular diffusion across the TiO2(110) 
surface. 

We followed the diffusion of isolated cat- 
echolate molecules (coverages below 0.05 ML) 
across the surface in time-lapse STM images. 
The TiO (110) surface forms a strongly direc- 
tional template; statistics on a few hundred differ- 
ent events showed preferred motion along Tis, 
rows. Cross-row Jumps were seldom observed. All 
of the catecholate molecules exhibited similar STM 
morphologies but were present in two distinct states 
according to their diffusion rates. Some of the mol- 
ecules stayed still during the measurement time, 
whereas others hopped between successive images 
(typically the scan speed was ~1 to 2 min per im- 
age), or changed their position even during one 
scan line, giving rise to molecules that appeared to 
be cut in half (Fig. 2, fig. S1, and movie S1) (76). 
We refer to these two different types of species as 
immobile and mobile catechol, respectively. 

The diffusion rate of mobile catecholates is es- 
timated to be at least one order of magnitude greater 
than that of immobile molecules. We tracked the 
number and position of hydroxyls in the vicinity 
of such mobile and immobile catecholate mole- 
cules and found that in the case of mobile cate- 
cholate, extra H played the key role. For example, 
in Fig. 2B, a catechol molecule switches from one 
bi-dentate position (marked with the two black 
spots in Fig. 2A) to another one, two lattice sites 
to the right, revealing a hidden H atom (red dot) 
that was not distinguishable from the catechol in 
Fig. 2A. The molecule stayed in its original posi- 
tion for ~1 min (Fig. 2C) and then hopped to a new 
position (Fig. 2D) one lattice site to the left. It also 
left behind an additional H (red dot); no further 
hopping was observed in consecutive images. 

Another such example is shown in fig. S2 
(see also movie S2) (/6), where two H atoms in 
the vicinity of the catecholate molecule appear to 
be involved in the hopping. After the molecule’s 


ond highest (orange line) are due to surface hydroxyls, some of which originate from the dissociation of 
water on bridge-bonded O vacancies on Ti02(110), which appear as the lowest protrusions (red line). Z, 


apparent height; X, distance. 
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hop to the right is completed, the H atom to the 
left has switched its position from a lower O,, 
row to the higher one (green arrow in fig. S2A), 
indicating a counterclockwise rotation of the cate- 
cholate (red arrow in fig. S2A) (/6). The second H 
moves together with the catecholate in fig. S2, B 
and C, while being split to the left in fig. S2D (/6). 


Fig. 2. Snapshots of an 
STM movie of a mobile 
catecholate molecule on 
TiO,(110). The time in- 
terval between each 
frame is ~1.0 min, and 
the data were taken at 
room temperature. The 
upper and lower panels 
show the same images 
with and without an 
overlay of the substrate 
lattice grid, respectively; 
the orange feature at 


Such H motion was never observed in the vicinity 
of an immobile catecholate, as seen in movies S1 
and S2 (6). 

The STM results reveal that H is directly 
involved in the motion of catechol molecules, 
indicating that the mobility and position of the H 
on the Ti0(110) surface must affect the diffusion 


the lower left corner is the next terrace of the Ti02(110) substrate. (A) The two black dots in the overlay 
represent the Ti. lattice sites occupied by bi-dentate catecholate; the yellow dots indicate hydroxyl 
groups. (B) The catecholate moves to the right during a few scan lines, revealing an additional hydroxyl 
(red dot). (C) The catecholate returns to its original position. (D) The catecholate has moved one lattice site 
to the left. It left behind an additional H (red dot) and stayed immobile in subsequent STM images. 


IMS3 


IMS3’ 


Fig. 3. Calculated rotational (clockwise) pathway of a catechol on TiO(110) with the lowest Faq. (A) 
Initial state of a catecholate adsorbed on a Ti0;(110) surface: The catechol is fully dissociated, and the H’s 
split off from both the OH groups sit on the neighboring O row. (B) TS: One O;atecho-Tise bond is broken 
and a H atom is back-transferred from one of the O,, atoms. (C to F) The following IMSs during the first 
half of the rotation. (G) Energy profile of the rotational pathway with the corresponding key states [(A) to 
(F)]. The second half of the rotation (dashed line) is just the time reversal of the first one. FS, final state. 
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of the catecholates. The intrinsic diffusion of 
hydroxyls along O,, rows is rather low at room 
temperature [hopping rate ~1 x 10° s ' (17)], 
whereas it is known that weakly adsorbed mo- 
lecular water can drive H cross-row diffusion on 
the surface (3). The water background pressure 
was carefully suppressed during our experiments, 
so that the water-induced cross-row diffusion was 
prohibited. (The rest of the hydroxyls in Fig. 2 
and fig. S2 were all immobile during the measure- 
ment.) However, we could purposely introduce 
additional water into the chamber (partial pressure 
<1 x 10"! mbar) to change the distribution of 
surface hydroxyls. Figure S3 shows the same area 
before (fig. S3A) and after (fig. S3B) additional 
water was dosed onto the sample surface (/6). 
Many of the hydroxyls switched their positions 
because of water-induced cross-row diffusion 
(indicated by the arrows in fig. S3B) (/6). 
Again, one additional hydroxyl became visible, 
because the water had driven it away from the 
catecholate molecule (red dot). This catecholate 
switched from a mobile to an immobile state after 
releasing the hidden H. 

To obtain a detailed understanding of the 
catechol diffusion on TiO(110), we simulated 
this process by performing density functional 
theory calculations. In particular, a constrained 
minimization scheme was used to determine the 
transition states (TSs) and estimate corresponding 
E48. The adsorption structure with the highest 
binding energy (1.15 eV with respect to a free 
catechol molecule) is a fully dissociated, bridging 
bi-dentate catecholate (14), which has donated its 
two H atoms to nearby O,, atoms (Fig. 3A). 
Starting with this initial state (IS), different diffusion 
routes were considered for the catecholate to move 
one lattice site away from the original position. We 
found that a rotational route is energetically the 
most feasible, where the molecule rotates around 
an Ocatechol Lise bond. Other paths, such as a trans- 
lation where the catecholate assumes a bi-dentate 
chelating intermediate state, with both catechol O 
atoms bound to the same surface Tis, atom, have 
unreasonably high £,,.,’s, which lie even above 
the adsorption energy. 

The first half of the pathway with the lowest 
Ect 18 depicted in Fig. 3. In the first step, one 
Ocatechoi"l1se bond is broken and a H atom is 
back-transferred from one of the O,, atoms. This 
leads to a TS (Fig. 3B) that is 0.16 eV higher in 
energy than the bi-dentate bridging catecholate in 
the IS. In contrast, just breaking the Ocatechor-Tise 
bond alone would lead to a TS with a much 
higher energy (1.22 eV with respect to the IS); 
thus, the Ocatecho! needs to be terminated with a H 
in order to “lift one leg” from the surface. In 
subsequent steps, the catechol rotates around 
the remaining Ogatechoi- lsc bond. As we show in 
Fig. 3, this rotation process consists of several in- 
termediate states (IMSs) (Fig. 3, C to F) without a 
clear TS, and the energy of the IMS with the 
highest energy, IMS3 (Fig. 3E), is only 0.37 eV 
less stable than the IS. Such an activation barrier 
can be easily overcome at room temperature. 
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Fig. 4. Arrhenius plots of the diffusion of cate- 
cholate on Ti02(110) surfaces with different hydrox- 
yl coverages in the temperature (7) range between 
195 and 300 K. Squares in different colors represent 
the diffusion rate for surfaces with different hydroxyl 
coverages. Assuming a thermally activated process 
for the hopping rate, h = vexp(-E,/kg/), the data in 
red and green give activation barriers Fy of 0.29 + 
0.03 and 0.36 + 0.05 eV, respectively. 


The remaining H on the O,, surface atom is 
also critical for this motion. In the clockwise 
rotation in Fig. 3, the catechol interacts with the 
remaining surface hydroxyl during IMS3 and 
IMS4 (Fig. 3E, F), forming an intermediate 
Hhpydroxy-OHcatecho! entity. In a scenario where 
the molecule rotates counterclockwise and faces 
the nonhydroxylated O>, row in Fig. 3, the over- 
all estimated activation barrier for the IMS is much 
higher (0.72 eV, fig. S4). During such a rotation, 
the catechol even loses its additional H atom and 
forms a bi-dentate chelating configuration at a Tis, 
atom as an IMS (IMSS, fig. S4G). The formation 
of the Apydroxyi-OH catecho! entity facilitates the ro- 
tation of catechol. These calculations support the 
experimental evidence that the hydroxylation of 
surface O atoms is instrumental for the catechol 
diffusion across the surface. 

The temperature dependence of the diffusion 
rate was measured for the surfaces with various 
hydroxyl coverages. The Arrhenius plot in Fig. 4 
shows that the diffusion rate is weakly dependent 
on the temperature, but a few percent increase in 
the hydroxyl concentration drastically enhanced 
the diffusion rate. Fitting these data and assuming 
a thermally activated (over-the-barrier) process, 
h= vexp(—Ey/kpT ) [where h is the hopping (dif- 
fusion) rate, v is the pre-factor, Ag is the Boltz- 
mann constant, and Tis the temperature] gives an 
effective diffusion barrier Ey between ~0.36 and 
~0.29 eV for two different hydroxyl coverages 
(6.7 to 8.5% and 12.0 to 13.5%). This value is in 
good agreement with the theoretical value of 0.37 
eV. The pre-factor v is very low (~10° s ') but is 
similar to values shown in recent reports on other 
complex systems (6-8). 

Our results show that the degree of hydrox- 
ylation of a surface is key for the facile diffusion 
of catechol across the surface. The effect is 


different from that of pyridine on high-surface- 
area MgO powder (9), for example, where water 
displaces molecules from stronger to weaker 
adsorption sites. In our case, the molecule stays at 
the same position but switches mobility by 
gaining or losing an extra H atom, which may 
enable the molecule to roll over to the next lattice 
site. Moreover, our calculations indicate that only 
rotational motion is feasible at room temperature 
and that the catecholate has to release the H atom 
and regain it in order to progress across the 
surface; otherwise, only a back-and-forth motion 
between two neighboring lattice sites would be 
possible. This situation is somewhat similar to 
the roll-over motion of water dimers that was 
observed on Pt(111) (4) and Ti02(110) (7). To the 
best of our knowledge, however, this is the first 
atomic-scale study that shows the importance of 
H for the diffusion of organics across a surface. 
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Heterogeneous Accretion and the 
Moderately Volatile Element 


Budget of Earth 


M. Schénbachler,”* R. W. Carlson,? M. F. Horan,” T. D. Mock,? E. H. Hauri? 


Several models exist to describe the growth and evolution of Earth; however, variables such as the 
type of precursor materials, extent of mixing, and material loss during accretion are poorly 
constrained. High-precision palladium-silver isotope data show that Earth’s mantle is similar in 
107 ng/°°Ag to primitive, volatile-rich chondrites, suggesting that Earth accreted a considerable 
amount of material with high contents of moderately volatile elements. Contradictory evidence 
from terrestrial chromium and strontium isotope data are reconciled by heterogeneous accretion, 
which includes a transition from dominantly volatile-depleted to volatile-rich materials with 
possibly high water contents. The Moon-forming giant impact probably involved the collision with a 
Mars-like protoplanet that had an oxidized mantle, enriched in moderately volatile elements. 


loss of volatile elements shaped the com- 

positional evolution of Earth. Radioactive 
decay systems (for instance, Hf-W and U-Pb) 
have been widely used to constrain the timing of 
these early processes (/—9). Resolving the com- 
position and volatile content of the material from 
which Earth accumulated provides constraints 
on the conditions that lead to Earth’s formation. 
Here, we report high-precision Ag isotope data 
for unaltered mantle-derived igneous rocks from 
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a variety of geological settings (/0) to represent 
the bulk silicate Earth (BSE). These data pro- 
vide the basis for accretion models that combine 
the results from the short-lived chronometer 
10%q-!°’Ag with those of the *Mn-"Cr, *’Rb-*’Sr, 
and 'Hf'**w decay systems. Except for Rb-Sr, 
terrestrial core formation influences all of these 
decay systems, because parent and daughter ele- 
ments partition differently into metal and sili- 
cates. The Pd-Ag, Mn-Cr, and Rb-Sr chronometers 
also track volatility-related processes, because 
Ag, Rb, and Mn possess lower condensation tem- 
peratures than Pd, Sr, and Cr (//, 12). The com- 
bined application of these decay systems provides 
constraints on the nature and timing of volatile- 
element depletion experienced during the accre- 
tion of Earth or by Earth’s precursor materials. For 
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example, a successful way to obtain consistent 
Hf-W and Pd-Ag accretion ages is to vary the 
volatile content of the terrestrial building blocks. 
Heterogeneous accretion, where the composition 
of the material from which Earth was built varies 
with time, is a model that was proposed more 
than 30 years ago (/3) and provides a means to 
explain seemingly contradictory radiometric data 
regarding early Earth materials. 

All accretion models constrained by the 
Pd-Ag decay system require the knowledge of 
specific parameters such as the initial abundance 
of '°’Pd in the solar system, the Ag isotope com- 
position, and the Pd/Ag ratio of BSE and the 
precursor materials from which Earth accreted 
(/4). Data from iron meteorites (/7) and carbo- 
naceous chondrites indicate a solar system initial 
'07pq/'SPd ratio in the range of 5.9 (+ 2.2) x 10° 
(5). Based on our mantle-derived samples, we 
estimate a BSE Ag isotope composition of 
e!Ag = -2.2 + 0.7 (2 SD), relative to the 
National Institute of Standards and Technology 
SRM978a Ag standard (table S1). This value 
overlaps with that of primitive carbonaceous 
chondrites (/5). 

Cadmium serves as a proxy to evaluate 
whether the similarity in Ag isotope composition 
between BSE and carbonaceous chondrites is a 
fortuitous result of mass-dependent fractionation. 
Cadmium and Ag isotopes have similar masses 
and are both mainly chalcophile. Silver, however, 
has a higher half-mass condensation temperature 
[996 K (72)] than Cd [652 K (/2)], which implies 
that mass-dependent isotope fractionation due 
to volatility affects Ag less than Cd. This con- 
cept is supported by data from ordinary chon- 
drites, which show moderate fractionations in 
Ag isotope composition accompanied by sub- 
stantial Cd isotope variations that are one or- 
der of magnitude larger (/4, 15). Because the 
Cd isotope compositions of the carbonaceous 
chondrites Orgueil, Murchison, and Allende are 
identical to that of the BSE within analytical un- 
certainty (/4, 16), there is no basis to expect ap- 
preciable Ag isotope fractionation between 
carbonaceous chondrites and Earth. Therefore, 
we use the C-chondrite-terrestrial mantle sim- 
ilarity to model the accretion history of Earth. 

Most of the BSE elemental abundances sug- 
gest that the materials that built up Earth were 
similar to carbonaceous chondrites (77-19). Al- 
though moderately volatile elements are more 
depleted in Earth than in any known carbona- 
ceous chondrite, Earth’s composition falls on the 
extension of the volatile-depletion trend defined 
by carbonaceous chondrites (/7, 19). This deple- 
tion trend follows the condensation sequences 
calculated for the solar nebula (/2, 20) and is 
probably established early in the solar nebula. 
Moreover, chronometers like Mn-Cr (/9) and 
Rb-Sr (2/, 22) indicate that Earth accreted from 
planetesimals with considerable depletions in 
volatile elements. For the purposes of modeling 
terrestrial accretion and core formation, we as- 
sume, as a first approximation, that Earth’s start- 
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ing materials had an average volatile content 
similar to CV3 chondrites, the most volatile- 
depleted carbonaceous chondrite group [not to be 
mistaken with direct accretion of CV3 chondrites 
(J0)]. A simple model based on Pd-Ag system- 
atics, in which terrestrial core formation is instan- 
taneous and segregation of Pd to the core is 
complete [two-stage model (/0)], suggests that 
the final metal-silicate equilibration occurred less 
than ~9 million years (My) after the formation of 
the solar system (Fig. 1A). More realistic models, 
in which accretion and core formation are con- 
tinuous and the newly accreted material equili- 
brates only with BSE, yield similar short durations 
for accretion and core segregation (Fig. 1B). 
Greater extents of volatile depletion in the source 
materials for Earth lead to even shorter accretion 
ages and imply that Earth inherited its volatile- 
element depletion almost exclusively from its 
source materials. 

The short Pd-Ag accretion ages contrast with 
those of the Hf-W decay system, where the same 
models yield an age of ~30 My (7-9). To under- 
stand the discrepant Pd-Ag and Hf-W model 
ages, we consider the possibility of incomplete 
metal-silicate equilibration between the BSE 
and the newly accreted material. Iron meteorite 
studies indicate that planetesimals segregated 
into a silicate mantle and metallic core within 
the first few million years of solar system history 
(11, 15, 23), thereby suggesting that Earth ac- 
creted from already-differentiated planetesimals. 
The degree to which the metallic cores of such 
objects would equilibrate with Earth’s mantle 
on impact is still debated (/, 5). Metal-silicate 
disequilibrium during accretion and core forma- 
tion has a strong effect on model ages obtained 
from the Hf-W decay system; large extents of 
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disequilibrium throughout accretion can yield 
model ages greater than 100 My for the final 
accretion stages (2, 6). If Earth accreted from 
volatile-depleted (high Pd/Ag ratio) material, 
then no combination of accretion age and degree 
of metal-silicate equilibration that suits the HfW 
data can simultaneously explain the Pd-Ag con- 
straints (Fig. 2A). Metal-silicate disequilibrium 
has a muted effect on the growth of Ag (in com- 
parison to the'**H& '**W system) because of 
the lower initial abundance of '°’Pd in the solar 
system, whereas both Pd-Ag and Hf-W fractiona- 
tion are of similar magnitude during metal-silicate 
separation. 

In contrast to Pd and Ag, Hf and W are both 
refractory elements that do not substantially frac- 
tionate with volatility (although W partitioning 
changes with oxidation state). Therefore, the 
Hf-W ages are much less sensitive to variations 
in the volatile content of the precursor material 
or to volatilization during the impact-driven ac- 
cretion of Earth. The use of volatile-rich material 
Cl-like chondrites as a terrestrial precursor for 
Pd-Ag models relaxes the time constraints on 
accretion and core formation (Fig. 3A). The 
overlapping Ag isotope compositions of the BSE 
and CI chondrites, together with the subchon- 
dritic Pd/Ag ratio of the BSE (due to the strong 
partitioning of the highly siderophile element Pd 
into the core), excludes only extremely rapid core 
formation during the first 3 My of solar system 
history. Although the accretion of volatile-rich 
material eliminates the apparent conflict be- 
tween Hf-W and Pd-Ag systematics, it requires 
that volatile elements were lost at a later stage 
(for instance, during the Moon-forming giant 
impact) because the present-day Earth is depleted 
in those elements. 


[ 1 T T T 
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Fig. 1. The ¢”°’Ag of the present-day BSE is shown as a function of (A) the time of core formation for the two- 
stage model and (B) the time of the giant impact for the continuous core-formation model (20). In (A), the 
dashed curve is calculated for precursor materials with volatile-element depletion similar to Earth today (Pd/Ag = 
12.9), whereas the two solid curves represent CV3-like precursor material (Pd/Ag = 8.5) and BSE Pd/Ag ratios of 
0 and 2, respectively. The hatched region shows the measured Ag isotope composition of BSE (-2.2 + 0.7), and 
the dashed vertical line indicates a core-formation age of ~9 My after the start of the solar system based on 
volatile-depleted precursor materials (CV-like) and a BSE Pd/Ag ratio of 0. For the continuous core-formation 
model (B), the vertical dashed line indicates that Earth has virtually completed its accretion and core formation 
within 11 My (time of the giant impact) if it was built from a volatile-depleted precursor (CV3-like, solid curve), 
and even earlier if the precursor material was as volatile-depleted as BSE today (dashed curve). 
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Several lines of evidence, however, indicate 
that, on average, Earth did not accrete solely from 
such volatile-rich material. For example, volatil- 
ity influences the Mn-Cr decay system, as well 
as the Pd-Ag system. Applying core-formation 
models to the Mn-Cr system using CI starting 
material cannot match the Cr composition of 
the BSE (Fig. 3A). The BSE possesses an ¢ **Cr 
of about —0.4 (24, 25) or -0.2 (26, 27), relative to 


most types of chondrites. The terrestrial “Cr 
deficit indicates that Earth accreted from material 
that became volatile-depleted very early in the 
lifetime of “Mn, possibly in the solar nebula 
(79). In addition, the precursor materials of the 
Moon, and presumably Earth, must have been 
volatile-depleted (low Rb/Sr ratio) within 20 My 
of solar system formation based on the low 87g86C, 
ratio found in old lunar crustal rocks (2/, 22). 
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Fig. 3. The e”°’Ag and e*°Cr of the BSE depend on the volatile depletion of the precursor material but vary 
only slightly with the accretion time scale. (A) A continuous core-formation model based on Cl composition of 
the precursor materials (top solid curve) describing the e°*Cr of BSE does not intersect the field defined by the 
measured Cr isotope composition of BSE (small gray area) and, therefore, is not a realistic solution. Dashed 
lines describe the results for heterogeneous accretion, which encompass the accretion of volatile-depleted 
material until Earth reaches 86% of its present-day size, followed by the addition of 4% of Cl-like material 
and the giant impact, which added another 9% of volatile-rich, Mars-like material and a 1% late veneer with 
a Pd/Ag ratio of 4.1. The model curves for BSE Ag (crosses) and Cr (triangles) isotope composition overlap with 
the measured values of BSE (gray regions). (B) The Ag isotope evolution of the BSE over time for 
heterogeneous accretion, which includes the accumulation of 4% volatile-rich material when Earth reaches 
86% of its current mass at ~26 My, leading to the first major drop in e*°”Ag. The volatile-rich giant impact at 
30 My reduces e7°’Ag further. Because all 7°’Pd essentially decayed away by 30 My, there is little difference 
in the evolution of BSE Ag isotope composition if the giant impact happened at 30 My or if there was a time 
gap with no accretion followed by a giant impact at 60 or 80 My. 


Thus, both the Mn-Cr and Rb-Sr chronometers 
demand volatile-depleted precursor materials rela- 
tive to CI chondrites, whereas the Pd-Ag system 
requires a volatile-rich precursor to extend the 
Pd-Ag accretion ages to those suggested by Hf-W 
systematics. 

Heterogeneous accretion may provide a so- 
lution to this paradox. According to our model 
calculations (Fig. 3), the accretion of volatile- 
depleted material (similar to today’s volatile con- 
tent), followed by ~13% of volatile-rich material 
toward the end of accretion, can reconcile the 
Mn-Cr, Rb-Sr, Pd-Ag, and Hf-W data for the 
terrestrial mantle. The exact percentage depends 
on the volatile content of the accreted material. 
Some volatile loss may have occurred during 
terrestrial accretion, and if so, the actual Mn/Cr or 
Ag/Pd ratios of the precursor material were 
higher (that is, more volatile-rich) than the ratios 
assumed in the model calculations (Fig. 3). A late 
veneer (28) that adds the final 1% of material 
after core formation ceased was included into the 
model (/0) but does not notably affect the e'°’Ag 
of the BSE ('°’Pd was extinct by the time the 
late veneer was added, and the amount of Ag in 
the late veneer is small compared with the BSE 
Ag content). Silver originating from the late 
veneer could dominate Earth’s mantle if the late 
veneer delivered a much larger fraction than 
1% of Earth’s present mass; however, this is in- 
consistent with the abundances of highly sid- 
erophile elements in Earth’s mantle (28) and 
would lead to Pd concentrations that are more 
than one order of magnitude higher than those 
observed today. 

Dynamic modeling (29) indicates that a Moon- 
forming giant impact occurred toward the end of 
terrestrial accretion as the product of the collision 
between proto-Earth and a Mars-sized body 
(called Theia). Our model implies the late ac- 
cretion of ~13% volatile-rich material, and this 
suggests that Theia may have resembled Mars, 
not only in size, but also in chemical composition 
[volatile-rich composition close to CI chondrites 
for Mn and Ag (/0)], which is consistent with 
previous work (2). We incorporated a volatile- 
rich, Moon-forming giant impact into our model 
as the major source of the late-accreted volatile- 
rich material (Fig. 3). Within the uncertainty of 
the modeling, we cannot constrain whether the 
entire volatile-rich component accreted in a sin- 
gle event, such as the Theia collision, or over a 
more prolonged interval through several impacts. 

The time sequence in which the different ma- 
terials accreted is important. Early addition of 
some volatile-rich material is possible, but the 
exclusive addition of such material in the early 
accretion stage would result in an overabun- 
dance of radiogenic '°’Ag in the terrestrial man- 
tle. In contrast, late accreted volatile-rich material 
contains less radiogenic '°’Ag due to the ex- 
tended time period over which it developed with 
a low Pd/Ag ratio. Hence, our model explains the 
records of Ag, Cr, Sr, and W isotope composi- 
tion of the BSE, if the accretion of volatile- 
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depleted material dominated the early accretion 
history of Earth. 

In our heterogeneous accretion scenario 
(Fig. 3), 90% of Earth is assumed to have ac- 
creted within the first 30 My (3-5), and the 
Moon-forming giant impact (addition of 9% of 
Earth’s mass) occurred at 60 My after the start 
of the solar system. The latter builds on the ob- 
servation that Earth’s mantle and the Moon pos- 
sess identical W isotope compositions, whereas 
their Hf/W ratios are different (30). However, 
the timing of the giant impact (e.g., at 30, 60, 
or 80 My after the start of the solar system) does 
not change the model results for Pd-Ag (Fig. 3B) 
or Mn-Cr. Likewise, metal-silicate disequilibrium 
during accretion has no major consequences 
for the Pd-Ag and Mn-Cr model ages, because 
these chronometers respond less to the disequi- 
librium than Hf-W due to their lower initial 
abundances and the limited extent of Mn-Cr 
fractionation between metal and silicate. 

An earlier heterogeneous accretion model 
(73), in which the early accretion of a reduced 
volatile-free component preceded a highly oxi- 
dized, volatile-rich component, links oxidized 
and volatile-rich material or, alternatively, reduced 
and volatile-poor material. This compositional 
link also holds up for Mars and some, but not 
all, meteorite classes. Based on the link between 
volatile content and oxidation state, our model is 
consistent with studies on elemental partition- 
ing behavior (3/, 32). These studies propose 
that the oxidation state of Earth’s mantle changed 
from reduced to more oxidized toward the end 
of accretion to satisfy metal-silicate partition co- 
efficients, the depletion in certain element con- 
centrations (for example, Nb, V, and Cr), and the 
oxidation state of the present-day BSE (3/, 32). 
However, we do not exclude the possibility that 
self-oxidation of the mantle also occurred and 
contributed to the changes in the oxygen fu- 
gacity of the mantle (32). 

Recent dynamic models of accretion and 
planet formation also conclude that volatile-rich 
material accumulated toward the end of the ter- 
restrial accretion (33, 34). For example, Earth 
acquired 1.6 to 38% of its volatile-rich material 
from outside 2.5 astronomical units toward the 
end of accretion (if Jupiter and Saturn started 
with nearly circular orbits) (34). This suggests 
that the material from which Earth accreted con- 
tained enough water so that we need no other 
sources of water (such as the late veneer) to ac- 
count for Earth’s oceans (33, 34). Still, we cannot 
entirely exclude an additional later delivery of 
water. The extent of water loss during impact- 
driven accretion and the amount of water stored 
in the mantle are uncertain, but <1% of CI mate- 
rial can supply Earth’s total water content, as it is 
currently estimated (/3, 35). 
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Narrow Primary Feather Rachises 
in Confuciusornis and Archaeopteryx 
Suggest Poor Flight Ability 
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The fossil birds Archaeopteryx and Confuciusornis had feathered wings resembling those of living 
birds, but their flight capabilities remain uncertain. Analysis of the rachises of their primary 
feathers shows that the rachises were much thinner and weaker than those of modern birds, and 
thus the birds were not capable of flight. Only if the primary feather rachises were solid in cross- 
section (the strongest structural configuration), and not hollow as in living birds, would flight have 
been possible. Hence, if Archaeopteryx and Confuciusornis were flapping flyers, they must have 
had a feather structure that was fundamentally different from that of living birds. Alternatively, 
if they were only gliders, then the flapping wing stroke must have appeared after the divergence 
of Confuciusornis, likely within the enantiornithine or ornithurine radiations. 


[Late Jurassic; 145 million years ago (Ma)] 
and Confuciusornis (Early Cretaceous; 
120 Ma), have feathered wings that appear ca- 
pable of generating some aerodynamic force (/). 
The likely magnitude of these forces and allied 
flight capabilities, however, remain controversial 
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(2-10). Some studies suggest that Archaeopteryx 
was capable of flapping flight (2, 3, 5, 9, 10); 
others have concluded the opposite (4, 6-8). The 
flight capabilities of Confuciusornis (11) have re- 
ceived less attention, despite hundreds of fossils 
being known (/2—/5), many with complete pri- 
mary feathers (/2) (Fig. 1A). Primary feathers 
are fundamental to bird flight, contributing 40 to 
51% of the total wingspan (/6), and they must 
be capable of sustaining lift forces without break- 
ing (/7). Sustained flight, in which a horizontal 
position is maintained in the air, requires that 
the flight surfaces of the bird support a lift force 
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equal to body weight [mass = acceleration of 
gravity (g)]. Much higher forces, far in excess of 
body weight, are generated in extreme maneuvers 
and accelerations (/8). Previous work indicates 
that feathers fail by buckling (/7). Accordingly, 
we used Euler-Bernoulli beam theory to deter- 
mine the load-bearing capabilities of the primary 
feathers of Archaeopteryx and Confuciusornis 
and infer their likely flight capabilities (/9). 
The mean first primary feather length of five 
Confuciusornis specimens was 207 + 17 mm, and 
the average rachis diameter was 1.06 + 0.12 mm, 
compared with 129 and 0.75 mm, respectively, for 
the longest primary of the Munich Archaeopteryx 
(Table 1), which is consistent with measurements 
by Elzanowski (20). There was no evidence of 
flattening during preservation of the fossil feathers, 
but flattening would have increased apparent di- 
ameters and therefore increased our estimates of 
feather strength. The primary feather lengths of 


Fig. 1. (A) One of the 
specimens of Confucusor- 
nis sanctus (BSP 1999 | 15) 
included in the study. The 
approximate length of one 
functional primary feather 
is marked with a black 
line. Scale bar is 20 mm. 
(B) Plots of rachis diame- 
ter (bottom) and feather 
length (top). The regres- 
sion lines [from (21)] de- 
scribe the relationships 
for extant birds (length 
versus body mass, y = 
0.21x 0.30 (0.23 to 0.37) and 
diameter versus body mass 
y= 0.004 0.37 (0.31 to 0.43))_ 
(C) Plot of rachis diameter 
against feather length of 
extant birds. The regression 
line describing the rela- 
tionship for modern birds 
is y = 0.03x 116 (0.99 to 133) 
(21). Data for Archaeop- 
teryx are represented by 
dark gray diamonds and 
for Confuciusornis by light 
gray diamonds. Extant spe- 
cies are denoted by black 


Confuciusornis and Archaeopteryx are close to 
those predicted for extant birds of similar size (Fig. 
1B). In both fossil birds, however, the rachises are 
narrow for the birds’ body size and feather lengths 
(Fig. 1, B and C). In contrast to the fossil birds, the 
feather morphologies of two similar-sized_ living 
birds (Larus ridibundus and Columba palumbus) 
and two larger soaring birds (Diomedea exulans 
and Gyps fulvus) are comparable to those pre- 
dicted from the relationships for other extant 
birds determined by Worcester (2/). 

It is a well-established concept that the larger 
of two cylinders with walls of the same thickness 
relative to overall radius can withstand a larger 
moment before buckling (Fig. 2). The significant 
result here is that the moment required to buckle 
a Confuciusornis primary feather (0.0036 N-m) 
is two orders of magnitude less (Fig. 2) than that 
required (0.3234 N-m) if its diameter matched 
that of a primary from an extant bird with similar 


Rachis diameter and primary feather length (m) 


m) 


Rachis diameter ( 


feather length (4.8 mm). Similarly, the primary 
feathers of Archaeopteryx were one order of 
magnitude more likely to fail by buckling (critical 
moment = 0.0013 N-m versus 0.0652 N-m) than 
are the feathers of a similar-sized extant analog 
(Fig. 2). Even if the primary feathers are modeled 
as the strongest possible structure—a solid cross- 
section of keratin—the critical failure moment 
(tensile failure) is one order of magnitude be- 
low that expected for a similar-sized extant bird 
for both Confuciusornis (0.0264 N-m) and 
Archaeopteryx (0.0094 N-m). 

The lift on the primary feathers (primaries) aS 
a percentage of lift on the entire wing was cal- 
culated as 42.9% for Confuciusornis and 30.9% 
for Archaeopteryx. For comparison, the lift is 
39.2% for C. palumbus, 29.8% for L. ridibundus, 
11.1% for D. exulans, and 25.5% for G. fulvus. For 
lift generation equal to body weight, Lorimaries 
forces must therefore be 1.05 N (Confuciusornis), 


1 10 
Body mass (kg) 


1 


Primary feather length (m) 


circles. The order (left to right) in (B) is L. ridibundus, C. palumbus, G. fulvus, and D. exulans. In (C), the order is C. palumbus, L. ridibundus, D. exulans, and G. 


fulvus. Dotted lines are 95% confidence limits. 


Table 1. The morphology, rachis buckling failure moments, and calculated lift forces for the species used in the study. 


Rachis buckling failure 


Moment exerted upon a 


. Body mass Wing length Rachis diameter Primary length : , ; 

Species (kg) (m) Gnin) iain moment single primary 
(N+m) (N+m) 
Confuciusornis 0.500 0.350 1.06 207 0.0036 0.0092 
Archaeopteryx 0.276 0.264 0.75 129 0.0013 0.0023 
C. palumbus 0.490 0.345 2.97 194 0.0786 0.0077 
L. ridibundus 0.284 0.460 2.60 220 0.0527 0.0039 
D. exulans 8.190 1.622 6.60 460 0.8622 0.0871 
G. fulvus 7.436 1.250 7.65 560 1.3426 0.2209 


*Moment exerted by a lift force equal to body weight (mass x g). 
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0.42 N (Archaeopteryx), 0.94 N (C. palumbus), 
0.42 N (L. ridibundus), 4.46 N (D. exulans), and 
9.30 N (G. fulvus). For the two fossil birds, these 
forces exceed what the primaries could with- 
stand, if they were of comparable structure to that 
of modern bird feathers (Fig. 3). The estimated 
buckling failure moment of their rachises was 
only 39% (Confuciusornis) and 55% (Archaeop- 
teryx) of that generated upon the feather by a lift 
force equal to body weight (Fig. 3). The estimated 
rachis safety factors (that is, buckling failure 
force/lift force equal to body weight) of 13.6, 
10.1, 9.9, and 6.1 for L. ridibundus, C. palumbus, 
D. exulans, and G. fulvus, respectively, were com- 
parable to the previously estimated range for C. 
livia during routine flight [values of 9 to 17 (17)], 
confirming that these species are capable of 
flapping flight (Fig. 3) and, hence, validating our 
methodology. With feathers structurally similar to 
those of modem birds, Conjfuciusornis and Ar- 
chaeopteryx could only have parachuted with their 
wings held dorsally, reducing the forces acting 
on the primaries while providing drag to reduce 
descent speed. A parachuting arrangement seems 
incongruent with their overall wing morphologies. 
Even when they are modeled as solid keratin 
beams, however, the primary feathers of the fossil 
birds only provide safety factors of 2.9 (Con- 
fuciusornis) and 4 (Archaeopteryx), which is well 
below those of extant birds (Fig. 3). 

At each stage of the calculations, the param- 
eter estimates were selected to provide the likely 
upper bounds of lift-supporting capabilities. For 
example, the force acting upon the distal part of 
the wing was divided equally between 10 feath- 


Fig. 2. Graph of moment arm (N-m) 1.35 
against rachis diameter (m) [from equa- se 
tion 4 in (17)]. Dark gray diamonds repre- 4.05 
sent Archaeopteryx, light gray diamonds 0.95 
represent Confuciusornis, and the black E - 
circles indicate the data for the four extant = o65 
species (from left to right: L. ridibundus, C. = 0.55 
palumbus, D. exulans, and G. fulvus). Black- 7 Se 
bordered diamonds are predicted moments poe 
if the rachis diameter relative to feather 0.15 
length was the same as that predicted from ier 


extant birds. The line (y = 0.006x’) describes 
the theoretical critical buckling moment as a 
function of thin-walled cylinder diameter. 
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Fig. 3. Bar chart showing the 
critical buckling failure mo- 
ment (solid bars) and bending 
tensile failure moment (dotted 
bordered open bars) of the 
primary feathers as a percent- 
age of the moment that would 
be exerted upon the feather 
by a lift force equal to body 
mass times gravity. Dashed 
line represents a safety fac- 
tor of 1. 
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Moment exerted on feather by a lift force equal to 
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ers. Therefore, we likely underestimated the load 
on the leading primaries, because not all pri- 
maries bear distal lift forces equally. Primary 
feathers 1 to 4 generally constitute the wing tip, 
whereas primary feathers numbered 5 and above 
commonly do not extend right to the tip of the 
wing, and their long axes are progressively ori- 
ented more dorsally. In addition, the chordwise 
lift distribution is generally at least twice as high 
cranially than caudally. The estimates of body 
mass are crucial to the calculations of lift force. 
For their feathers (if morphologically similar to 
those of modern birds) to be strong enough to 
sustain a lift force equal to body weight, Confu- 
ciusornis and Archaeopteryx would have had to 
weigh 0.215 and 0.188 kg, respectively, and 
their body masses are unlikely to be this low. 
Bird primary feathers have longitudinal furrows, 
and these are seen in Archaeopteryx (5). Because 
of the intractable nature of incorporating a fur- 
row into the cross-section, however, the shaft was 
modeled without a furrow. Previous work (/7) 
showed that the compressive stress required to 
buckle pigeon primaries, estimated using Euler- 
Bernoulli beam theory, was 21% higher than 
actually required. Therefore, the theoretical esti- 
mates here are probably high, and the feathers 
are actually structurally weaker. 

Because even rudimentary forelimb move- 
ments can generate useful thrust (/, 22, 23), some 
thrust generation by these fossil birds cannot be 
discounted, but the vigorous flapping flight of 
modern birds is highly unlikely. Flight toward the 
gliding end of the ability spectrum is consistent 
with Archaeopteryx’s known musculature (4), 


0 


0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 


Rachis diameter (m) 


Arch. Columba Larus Diomedea 


Gyps 


shoulder anatomy (6), feather vane anatomy, and 
feather shaft curvature (2). It is also congruent 
with the enlarged and excavated deltopectoral 
crest of Confuciusornis (12). Our results suggest 
that superficial resemblance of Mesozoic bird 
wing feathers to those of living birds should not 
necessarily be taken as an indication of the abil- 
ity to withstand similar aerodynamic forces. Un- 
less Mesozoic primary feathers were structurally 
different from those of extant birds, further re- 
finements were required after the appearance of 
primary feathers for the evolution of a powered 
flapping flight stroke. Consequently, the origins 
of the modern wing-beat may have occurred 
among taxa that diverged subsequently to Con- 


fuciusornis, likely within the diverse Cretaceous 


enantiorithine or ornithurine radiations. 


References and Notes 

1. R. L. Nudds, G. J. Dyke, Evolution 63, 994 (2009). 

2. R.A. Norberg, in The Beginnings of Birds: Proceedings of 
the International Archaeopteryx Conference, Eichstatt 
1984, M. K. Hecht, J. H. Ostrom, G. Viohl, P. Wellnhofer, 
Eds. (Freunde des Jura-Museums, Eichstatt, Germany, 
1985), pp. 303-318. 

3. S. L. Olson, A. Feduccia, Nature 278, 247 (1979). 

4. J. H. Ostrom, Q. Rev. Biol. 49, 27 (1974). 

5. S. Rietschel, in The Beginnings of Birds: Proceedings of 
the International Archaeopteryx Conference, Eichstatt 
1984, M. K. Hecht, J. H. Ostrom, G. Viohl, P. Wellnhofer, 
Eds. (Freunde des Jura-Museums, Eichstatt, Germany, 
1985), pp. 251-260. 

. P. Senter, Acta Palaeontol. Pol. 51, 305 (2006). 

. J. R. Speakman, S. C. Thomson, Nature 370, 514 (1994). 

. R. J. Vazquez, J. Morphol. 211, 259 (1992). 

. P. Wellnhofer, in Florida Symposium on Dinosaur-Bird 

Evolution, P. J. Currie, E. B. Koppelhus, M. A. Shugar, 

Eds. (Indiana University Press, Fort Lauderdale, FL, 

2004), pp. 282-300. 

D. W. Yalden, /bis 113, 349 (1971). 

L. Hou, L. M. Chiappe, F. Zhang, C.-M. Chuong, 

Naturwissenschaften 91, 22 (2004). 

L. M. Chiappe, S. Ji, Q. Ji, M. A. Norell, Bull. Am. Mus. 

Nat. Hist. 242, 1 (1999). 

L. M. Chiappe, J. Marugdn-Lobon, S. Ji, Z. Zhou, 

Biol. Lett. 4, 719 (2008). 

T. M. R. Fountaine, M. J. Benton, G. J. Dyke, R. L. Nudds, 

Proc. Biol. Sci. 272, 289 (2005). 

Z. Zhou, F. Zhang, Acta Zool. Sin. 50, 913 (2004). 

R. L. Nudds, j. Avian Biol. 38, 515 (2007). 

W. R. Corning, A. A. Biewener, J. Exp. Biol. 201, 3057 

(1998). 

U. M. Norberg, Vertebrate Flight: Mechanics, Physiology, 

Morphology, Ecology and Evolution (Springer-Verlag, 

Berlin, 1990). 

Materials and methods are available as supporting 

material on Science Online. 

A. Elzanowski, in Mesozoic Birds: Above the Heads of 

Dinosaurs, L. M. Chiappe, L. M. Witmer, Eds. (Univ. of 

California Press, Berkeley, 2002), pp. 129-159. 

S. E. Worcester, J. Zool. (Lond.) 239, 609 (1996). 

U. M. Norberg, Am. Nat. 126, 303 (1985). 

P. Burgers, L. M. Chiappe, Nature 399, 60 (1999). 

We thank J. Gardiner, G. Kaiser, J. Sigwart, and three 

anonymous referees. Collections access was kindly 

provided by O. Rauhut [Bayerische Staatssammlung fuer 

Palaeontologie und Geologie (BSP)], R. Brocke 

[Senckenberg Forschungsinstitut und Naturmuseum 

(SMF)], and J. Oelkers-Schaefer (SMF). 


Oo OND 


10. 
11, 


12. 
13. 
14. 


15. 
16. 
17. 


18. 


19. 


20. 


21. 
22. 
23. 
24. 


Supporting Online Material 
www.sciencemag.org/cgi/content/full/328/5980/887/DC1 
Materials and Methods 

References and Notes 


2 December 2009; accepted 12 April 2010 
10.1126/science.1188895 


14 MAY 2010 


REPORTS 


889 


Downloaded from www.sciencemag.org on May 13, 2010 


Reconstitution of Outer Membrane Protein 


Science Assembly from Purified Components 


Christine L. Hagan, et al. 
Science 328, 890 (2010); 
MV AAAS DOI: 10.1126/science.1188919 


This copy is for your personal, non-commercial use only. 


If you wish to distribute this article to others, you can order high-quality copies for your 
colleagues, clients, or customers by clicking here. 


Permission to republish or repurpose articles or portions of articles can be obtained by 
following the guidelines here. 


The following resources related to this article are available online at www.sciencemag.org 
(this information is current as of May 13, 2010 ): 


Updated information and services, including high-resolution figures, can be found in the online 
version of this article at: 
http://www.sciencemag.org/cgi/content/full/828/5980/890 


Supporting Online Material can be found at: 
http://www.sciencemag.org/cgi/content/full/science.1188919/DC1 


This article cites 32 articles, 14 of which can be accessed for free: 
http://www.sciencemag.org/cgi/content/full/328/5980/890#otherarticles 


This article has been cited by 1 articles hosted by HighWire Press; see: 
http://www.sciencemag.org/cgi/content/full/828/5980/890#otherarticles 


This article appears in the following subject collections: 
Biochemistry 
http://www.sciencemag.org/cgi/collection/biochem 


Downloaded from www.sciencemag.org on May 13, 2010 


Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the 
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright 


2010 by the American Association for the Advancement of Science; all rights reserved. The title Science is a 
registered trademark of AAAS. 


REPORTS 


Reconstitution of Outer Membrane Protein 
Assembly from Purified Components 


Christine L. Hagan,’* Seokhee Kim,?* Daniel Kahne**+ 


890 


B-barrel membrane proteins in Gram-negative bacteria, mitochondria, and chloroplasts are assembled 
by highly conserved multi-protein complexes. The mechanism by which these molecular machines 
fold and insert their substrates is poorly understood. It has not been possible to dissect the folding 
and insertion pathway because the process has not been reproduced in a biochemical system. 

We purified the components that fold and insert Escherichia coli outer membrane proteins and 
reconstituted B-barrel protein assembly in proteoliposomes using the enzymatic activity of a protein 
substrate to report on its folding state. The assembly of this protein occurred without an energy source 
but required a soluble chaperone in addition to the multi-protein assembly complex. 


he outer membranes of Gram-negative 
| bacteria and the mitochondria and chlo- 
roplasts of higher eukaryotes contain pro- 
teins with B-barrel structure, which are assembled 
in their respective membranes by multi-protein 
machines (/—6). The folding and insertion of these 
B-barrels must be coordinated because they would 
have many unsatisfied hydrogen bonds in the 
membrane if they were inserted in an unfolded 
state, but conversely, they would be “inside out” 
if they folded first in the aqueous environment 
and were subsequently inserted. In order to under- 
stand how f-barrel proteins assemble into mem- 
branes, we purified the proteins comprising the 
Escherichia coli outer membrane protein (OMP)— 
folding machinery and established a reconstituted 
system to monitor the activity of this machinery. 
The B-barrel assembly machine (Bam) in 
E. coli consists of an integral B-barrel protein, 
BamA (formerly YaeT), and four lipoproteins, 
BamB, -C, -D, and -E (formerly YfgL, NIpB, 
YfiO, and SmpA, respectively). Only BamA and 
BamD are essential for cell survival, but deleting 
or depleting any member of the complex causes 
defects in OMP assembly (6-9). BamA has homo- 
logs in prokaryotes and eukaryotes and contains 
five periplasmic polypeptide transport-associated 
(POTRA) domains, which scaffold the Bam lipo- 
proteins (2—5, 10). Unfolded OMPs are delivered 
to this complex after their synthesis in the cyto- 
plasm and translocation across the inner mem- 
brane by the secretion machinery (SecYEG) (Fig. 
1A) (/1). The chaperones, SurA, Skp, and DegP, 
prevent unfolded OMPs that are released from the 
Sec machine from aggregating and misfolding as 
they transit the periplasm. These chaperones are 
thought to transport OMPs in two parallel but 
separate pathways: one that relies on SurA and 
one that involves both Skp and DegP (/2, /3). 
Most OMPs can be handled by either pathway, 
but SurA delivers the bulk of OMPs to the OM 
(14). 
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The process of OMP assembly can be moni- 
tored in isolated mitochondria (/5) and in vivo 
in E. coli (16). We sought to develop an in vitro 
system to study the function of the Bam proteins. 
Expressing all five bam genes in a single strain 
produced a mixture of complexes and subcom- 
plexes that could not be easily separated. Pre- 
vious lipoprotein and POTRA domain-deletion 
experiments indicated that BamA binds BamB 
independently from BamCDE (8, /0); thus, 
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we expressed the subcomplexes BamAB and 
BamCDE separately and reconstructed the full 
complex in vitro (/7). The reconstructed complex 
was identical to the native complex, as analyzed 
with blue native polyacrylamide gel electropho- 
resis (BN-PAGE) (Fig. 1B). The purified Bam 
complex had an apparent molecular weight that 
is too small to accommodate more than one copy 
of BamA, and the ratio of BamA:B:C:D was 
1:1:1:1 (fig. S1). Either one or two copies of 
BamE may have been present; its small size pre- 
vents a definitive conclusion. The Bam com- 
plex may exist as a higher-order oligomer in 
the membrane in vivo, but the relative stoichi- 
ometry is expected to be as we have determined. 

Purified Bam complex was incorporated 
into liposomes, as others have done to recon- 
stitute complexes that handle membrane pro- 
teins (18-22). To follow OMP assembly in the 
proteoliposomes, we used a substrate OMP that 
possesses enzymatic activity, OmpT. OmpT is a 
B-barrel outer membrane protease that cleaves 
peptides between two consecutive basic residues, 
and its activity can be monitored by using a 
fluorogenic peptide (23). Urea-denatured OmpT 
was incubated with the periplasmic chaperone 
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Fig. 1. The OMP assembly pathway and the purified Bam complex and subcomplexes. (A) The E. coli OMP 
biogenesis pathway. (B) Blue native gel analysis, SDS-PAGE, and gel filtration chromatogram of the 
purified Bam complex. The complex isolated from cells expressing the complex at basal levels (lane 1) and 
the overproduced and reconstructed complex (lane 2). (C) SDS-PAGE and gel filtration chromatograms of 
the purified two- and four-protein Bam subcomplexes. 
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Fig. 2. SurA and the Bam complex facilitate OmpT assembly in proteoliposomes. (A) Preincubated 
solutions of urea-denatured OmpT with SurA were diluted [at time (t) = 0 min] into (left) liposomes or 
(right) proteoliposomes that contain the Bam complex. OmpT was present in each reaction at a final 
concentration of 10 uM, and the concentration of SurA was varied from 0 to 100 uM. (B) The amount of 
active OmpT (reflected in the slope from 15 to 30 min) in the reactions in (A) as a function of SurA 
concentration in the presence (black triangles) or absence (red squares) of the Bam complex. (C) 
Schematic of the reconstitution reaction pathway. 
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Fig. 3. OmpT assembly requires specific components of the Bam complex. (A) Fluorescence 
produced in the presence of the Bam complex and subcomplexes (left). OmpT and SurA are diluted 
to final concentrations of 10 uM and 100 uM, respectively. SDS-PAGE of these proteoliposomes 
indicates that they contain equal amounts of the complexes (right). (B) Eight different experiments 
were normalized to their maximum fluorescence values and then averaged. The error bars 
represent the SD among these experiments. (C) The gradient of the fluorescence data in (A). 
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100 uM, respectively. Extraction in 100 mM sodium carbonate results in a threefold enrichment of the 
folded material relative to the unfolded material. 
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SurA, and this chaperone-OmpT complex was 
diluted into solutions containing the proteolipo- 
somes, the fluorogenic peptide, and lipopolysac- 
charide (LPS), which is required for OmpT 
activity (17). OmpT assembly was observed as an 
increase in the rate of fluorescence production. 

OmpT activity increased with the concen- 
tration of SurA and in the presence of the Bam 
complex (Fig. 2A and figs. S2 and $4). OmpT 
activity saturated at the same SurA concentra- 
tion in the presence or absence of the complex, 
which suggests that SurA plays a general role in 
delivering the unfolded protein in a state that can 
be folded and also that the Bam complex handles 
OmpT bound to SurA (Fig. 2, B and C). The con- 
centrations of SurA at which we saw a substantial 
improvement in OmpT assembly (above 20 uM) 
are comparable with the reported binding con- 
stants for SurA and model peptides (1 to 14 uM) 
(24, 25). OmpT contains several putative SurA- 
binding sites (26, 27), and the sigmoidal relation- 
ship may indicate that multiple SurA molecules 
are involved in generating a SurA,-OmpT com- 
plex that can be folded efficiently. 

We then wanted to determine whether the as- 
sembly observed in the presence of the Bam com- 
plex reflected the function of the complex and not 
a nonspecific property of the proteoliposomes 
(28, 29). We compared the activity of the five- 
protein Bam complex with subcomplexes contain- 
ing two (BamAB) and four proteins (BamACDE), 
which had comparable stability as judged by their 
behavior on gel filtration chromatography (Fig. 1C). 
The components of these subcomplexes were in- 
corporated into proteoliposomes in equal propor- 
tion to those of the five-protein complex (Fig. 3A). 
Cleavage of the fluorogenic substrate was greatly 
reduced in proteoliposomes containing the subcom- 
plexes as compared with those containing the five- 
protein complex (Fig. 3A and fig. $3). The activity 
of the four-protein complex was always less than 
that of the five-protein complex (Fig. 3B). In the first 
five minutes of the experiment, OmpT assembly 
was orders of magnitude faster in the presence of the 
five-protein complex (Fig. 3C). These large differ- 
ences in activity at early time points are relevant 
given that in vivo pulse-chase experiments indicate 
that OMP assembly occurs in the cell on a similar 
time scale of 30 s to several minutes (30, 3/). The 
four-protein complex appeared to have some 
activity on this time scale, which BamB dramati- 
cally improved. Although there was a background 
rate of OmpT folding in the absence of the Bam 
complex, the Bam proteins significantly improved 
the kinetics of OmpT assembly. 

In order to verify that increased fluorescence 
correlated with increased amounts of folded 
OmpT, we ran the products of our folding reac- 
tions on SDS-PAGE gels without and with prior 
heat denaturation. B-barrel proteins remain folded 
on SDS-PAGE if they are not boiled and con- 
sequently run faster than their unfolded forms. 
Purified *°S-labeled OmpT was incubated with 
SurA and then diluted into proteoliposomes, as in 
the fluorescence experiments. After 30 min, the 
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reaction solutions were centrifuged and the pel- 
lets were run on SDS-PAGE (Fig. 4 and fig. S5). 
Much more folded OmpT was observed in the 
reaction of SurA,-OmpT with the full Bam 
complex than in the reactions with the subcom- 
plexes. The yield of folded protein represented by 
the faster migrating band was about 7%, as deter- 
mined by five separate experiments. The folded 
OmpT was resistant to extraction from the pellet 
by incubation in 100 mM sodium carbonate for 
30 min, suggesting that the folded protein had 
been integrated into the membrane. 

The nonessential lipoprotein BamB is impor- 
tant in the assembly of OMP substrates delivered 
by SurA; the five-protein complex had significant- 
ly higher activity than the four-protein complex, 
BamACDE. Thus, some or all of the BamCDE 
proteins are required for OmpT assembly, but 
BamB appears to have a specific function that, 
when coordinated with the other components, in- 
creases the activity of the complex. The functional 
importance of both SurA and BamB is consistent 
with in vivo observations that these proteins play 
related but not redundant roles in OMP biogenesis. 
Deleting surA or bamB produces identical pheno- 
types with respect to the kinetics of conversion of 
unfolded mature LamB to folded monomers (3/). 
In addition, simultaneous deletion of the swrA and 
bamB genes results in a phenotype that is severely 
defective in the assembly of OMPs and much 
sicker than either single-deletion strain (32, 33). 
Our results also suggest that SurA and BamB 
both affect the efficiency of OMP assembly. Our 
highly simplified system thus appears to recapit- 
ulate elements of the cellular process and clearly 
demonstrates that a nonessential protein can alter 
the activity of essential proteins to regulate the 
efficiency of the process that they catalyze. 

We do not know if the Bam complex in proteo- 
liposomes can process multiple substrate mole- 
cules, but clearly the Bam complex can assemble a 
B-barrel protein in the membrane without an input 
of energy. In contrast, the inner membrane secre- 
tion machinery couples energy-driven translocation 
to insertion (//). Although it remains possible that 
B-barrel assembly may be coupled to an energy- 
driven process in the cell, it is remarkable that these 
six proteins (the Bam complex and a chaperone) 
are sufficient to perform the folding and insertion 
process. Together, they perform a chemical trans- 
formation that we do not understand, and that they 
are able to do so without energy suggests that their 
structure inherently facilitates OMP assembly. 
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Additive Genetic Breeding Values 
Correlate with the Load of Partially 
Deleterious Mutations 


Joseph L. Tomkins,’* Marissa A. Penrose,” Johan Greeff,” Natasha R. LeBas* 


The mutation-selection—balance model predicts most additive genetic variation to arise from 
numerous mildly deleterious mutations of small effect. Correspondingly, “good genes” models of 
sexual selection and recent models for the evolution of sex are built on the assumption that 
mutational loads and breeding values for fitness-related traits are correlated. In support of this 
concept, inbreeding depression was negatively genetically correlated with breeding values for traits 
under natural and sexual selection in the weevil Callosobruchus maculatus. The correlations were 
stronger in males and strongest for condition. These results confirm the role of existing, partially 
recessive mutations in maintaining additive genetic variation in outbred populations, reveal the 
nature of good genes under sexual selection, and show how sexual selection can offset the cost of sex. 


small effect are thought to be responsible 

for much of the observed additive genetic 
variation in traits that are closely associated with 
fitness (/—4). These mutations are also central to 
“good genes” models of sexual selection, which 
posit that the additive genetic breeding values of 
males must correlate negatively with mutational 
load (5—8). The contribution of nonadditive allelic 
effects to additive genetic variation through 
mutation-selection balance has empirical support 
from mutation-accumulation experiments (9) and 
molecular-evolution surveys (/0), but not from 
recent biometric analyses (//—/3). 


P= recessive, deleterious mutations of 
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Here we develop Fox’s proposal (/4) for de- 
tecting among-family variation in inbreeding de- 
pression. Inbreeding depression is the reduction 
in fitness observed in the offspring of related 
(compared with unrelated) parents (4, 75) and is 
believed to be predominantly caused by the in- 
creased homozygosity of numerous, at least par- 
tially recessive, deleterious mutations of small 
effect (4, 75). By estimating the correlation be- 
tween the load of mutations carried by a pair of 
parents and their breeding value, we were able to 
test the central assumption of good genes models 
of sexual selection and contribute to our under- 
standing of the maintenance of genetic variation. 

We used a seven-generation pedigree of 
cow-pea weevils Callosobruchus maculatus 
(Coleoptera: Bruchidae) reared on black-eye beans 
(Vigna unguiculata) to estimate predicted breeding 
values, heritabilities, and inbreeding depression 
in a range of life-history (LH) and morphological 
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(M) traits (76). Condition, or resource-acquisition 
ability, is a potential source of genetic variation 
for other LH traits (7, 8, 17), because resource 
acquisition represents a large mutational target, 
as virtually all genes can have effects on the 
ability to acquire resources, even if they are only 
subtle (7, 8, 17). We directly quantified resource- 
acquisition ability as the efficiency with which 
beetle larvae converted beans into beetle biomass 
(16). Large male size is sexually selected in C. 
maculatus [(18), also see supporting online ma- 
terial (SOM) text], and female size correlates 
with fecundity [(/8, 19) and SOM text]. We doc- 
umented significant heritable variation in all of 
the M traits we measured and some, but not all, 
of the LH traits (table S1). We also found that 
females were, in general, more susceptible to 
inbreeding depression than males (fig. S1) and, 
as in other studies, that this was particularly true 
for the longevity of virgin females (20-22). 
Estimating among-family variation in inbreed- 
ing depression is often confounded by the effects 
of the genes of the out-crossed parent, as well as 
the genes shared with the related (or selfed) parent 
(4, 14, 16, 23). Thus, we adapted a method Fox 
(14) proposed in which, instead of comparing 
inbred and outbred offspring means, the outbred 
offspring trait values are predictions made on the 
basis of pedigree information, and only these are 
compared with the observed trait values of the 
inbred individuals (fig. S5) (/6). In our experiment, 
the family-level estimate of inbreeding depression 
was correlated with the mid-parent breeding values 
of those families [i.e., the average best linear un- 
biased predictor of the brother and sister (fig. S6) 
(16)]. We used randomizations to estimate the null 
hypothesis for each correlation and subtracted this 
from the observed coefficient to obtain an estimate 
of the genetic correlation between inbreeding 
depression and breeding value (termed “7p-pv’”) 
(16). Across all of the traits we studied, the average 
‘p-pv coefficient was —0.24 (95% confidence 
interval: —0.33 to -0.15), significantly less than 
zer0 (t16 = 5.69, P< 0.001). Therefore, at the family 
level, greater inbreeding depression is associated 
with lower breeding values, whereas less inbreed- 
ing depression is associated with larger breeding 
values. The significant deviation from zero of the 
overall 7tp.py coefficient suggests that, in this 
outbred population, the additive genetic breeding 
value for these traits is correlated with the load of 
mutations carried by the individual. The fact that 
the correlation is negative indicates that individ- 
uals with greater breeding values have a lower 
mutational load than individuals with lower breed- 
ing values. This negative genetic correlation sup- 
ports good genes models of sexual selection (5—8) 
and is consistent with the predictions of mutation- 
selection—balance theory (4): Mutations that affect 
the breeding value of individuals within a popu- 
lation tend to be partially recessive (that is, they 
affect trait expression in the heterozygous state) but 
have greater effects when they are homozygous. 
To further understand the patterns of varia- 
tion in 7~p.py coefficients, we analyzed genera- 


tional variation in the correlation in relation to 
sex, type of trait (LH or M), and the trait nested 
within type. We found no significant interactions. 
However, there was significant variation across 
generations in r~p-py coefficients (F453 = 2.91, P= 
0.029), suggesting that environmental conditions 
affect the correlation, which is to be expected 
because both heritability and inbreeding depres- 
sion are influenced by the environment. There was 
no evidence for a consistent change in 7;p.py co- 
efficients with generation (6 = 0.013 + 0.019) that 
might indicate selection due to the experimental 
design. Traits nested within LH and M did not 
vary significantly in the magnitude of ~ppy 
coefficients in LH or M (F5sg = 1.209, P = 
0.316), but there was a highly significant differ- 
ence between LH and M trait types (F\,53 = 48.43, 
P < 0.001), with M traits having stronger cor- 
relations than LH traits. 

Females showed stronger inbreeding de- 
pression than males for all traits in general, but 
particularly for longevity (SOM text). The latter 
is known to be due to a difference in the degree of 
dominance of alleles affecting longevity in males 
and females (22). With all things equal, such as 
heritability (47female = 0.31 + 0.06, #°’male = 
0.28 + 0.03, paired t = 0.69, P = 0.5), we might 
expect stronger /jp-py coefficients in females than 
in males. However, the sex effect we observed was 
significantly contrary to this expectation (F\sg = 
4.642, P = 0.035) (Fig. 1), with males showing 
stronger effects than females in both M (eg., 
eclosion weight, efficiency) and LH traits (e.g., 
development time). This finding illustrates how, by 
revealing the effects that partially recessive alleles 
have on additive genetic variation, the 7~p.gy co- 
efficient provides a different insight into genetic 
architecture than studies of inbreeding alone. 

We quantified the ability of larval beetles to 
acquire resources from their environment by 
measuring the weight of beetle produced from 
the amount of bean that was eaten (/6). Under- 
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standing how mutational load affects genetic 
variation in resource acquisition is important, 
because this variation is thought to be a source for 
genetic variation in other aspects of life history 
(8, 17). Consistent with this hypothesis, in our 
population, efficiency and eclosion weight showed 
the strongest negative 7jp-3y coefficient with 
marked differences between the sexes (Fig. 1). 

The inbreeding in our experiment caused 
only one-quarter of the alleles to become homo- 
zygous by descent; this level of inbreeding 
explained 6 and 16% (Le., ppv) of the vari- 
ation in breeding values of LH and M traits, 
respectively. By extrapolation, if the whole 
genome were to be homozygous by descent (that 
is, if we multiply our FipBv by 4), we would find 
that 24% (female = 23 + 9%, male = 26 + 9%) and 
65% (female = 53 + 8%, male = 77 + 8%) of the 
variation in breeding values might be attributable 
to partially recessive deleterious mutations for 
these LH and M traits, respectively. Thus, extra- 
polating to a selfed cross suggests that partially 
recessive deleterious mutations might explain 
most, or possibly all, of the additive genetic vari- 
ation in male condition and morphology (fig. S2). 
Nevertheless, not all of the additive genetic var- 
iation in these traits is explained through this 
extrapolation, suggesting that other forms of selec- 
tion also have a role in maintaining genetic var- 
iation in these traits (//—/3). 

The good genes hypothesis of sexual selec- 
tion assumes that the mutational load of males 
determines their reproductive success (5—8). Under 
this assumption, the two-fold cost of sex can be 
overcome (24, 25). Our data link the breeding 
values for male condition and traits under sexual 
selection with direct estimates of the load of muta- 
tions that males carry (7jp-py coefficients). We 
observed that male 7;p-py coefficients generally 
exceeded that of females. Such elevated geno- 
typic condition-dependence is thought to arise 
when costly traits are under selection (8) and 


Fig. 1. Mean genetic corre- 
lation between inbreeding 
depression and breeding val- 
ue for life-history and mor- 
phological traits in males and 
females. Error bars indicate 
1 SE. 
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could occur in C. maculatus through sexual se- 
lection on males (/8, 26-28). If sexual selection is 
responsible for the greater strength of the ~p-Bv 
coefficients in males, it raises the possibility of 
positive feedback, where sexual selection 
increases the contribution of deleterious muta- 
tions to trait expression, in turn increasing both 
good genes benefits from sexual selection and the 
benefit of sex itself: 
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Erosion of Lizard Diversity by Climate 
Change and Altered Thermal Niches 
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It is predicted that climate change will cause species extinctions and distributional shifts in coming 
decades, but data to validate these predictions are relatively scarce. Here, we compare recent 
and historical surveys for 48 Mexican lizard species at 200 sites. Since 1975, 12% of local 
populations have gone extinct. We verified physiological models of extinction risk with observed local 
extinctions and extended projections worldwide. Since 1975, we estimate that 4% of local 
populations have gone extinct worldwide, but by 2080 local extinctions are projected to reach 39% 
worldwide, and species extinctions may reach 20%. Global extinction projections were validated 
with local extinctions observed from 1975 to 2009 for regional biotas on four other continents, 
suggesting that lizards have already crossed a threshold for extinctions caused by climate change. 


lobal climate change affects organisms 

in all biomes and ecosystems. Two nat- 

ural compensatory responses are possi- 
ble. Given enough time and dispersal, species 
may shift to more favorable thermal environ- 
ments, or they may adjust to new environments 
by behavioral plasticity, physiological plasticity, 
or adaptation. Alternatively, failure to adjust or 
adapt culminates in demographic collapse and 
extinction. Despite accumulating evidence of 
contemporary climate change affecting species 
ranges and phenologies (/—3), evidence of ex- 
tinctions at either local or global scales is lack- 
ing (4-6). Moreover, current forecasting models 
(7, 8) are not calibrated with actual extinctions, 
but are premised on hypothesized effects of 
thermal physiology on demography and extinc- 
tion. Alternatively, models are based on range 
shifts or species-area relations in mobile species 


(1), but not extinctions (9). Hence, there is still 
much uncertainty regarding the expected mag- 
nitude of extinctions resulting from climate 
change (/0). 

Empirical validation of global extinction fore- 
casts requires three forms of evidence. First, 
actual extinctions should be linked to macro- 
climate and validated to biophysical thermal 
causes arising from microclimate (//). Second, 
the pace of climate change should compromise 
thermal adaptation (/0), such that evolutionary 
rates lag behind global warming owing to con- 
straints on thermal physiology (/2, 13). Third, 
extinctions due to climate should be global in 
extent. 

From 2006 to 2008, we resurveyed 48 
Sceloporus lizard species at 200 sites in Mexico 
that were first sampled in 1975 to 1995, and 12% 
of sites were locally extinct by 2009 (table S1). 


Although Sceloporus lizards are heliotherms 
that bask and require solar radiation to attain 
physiologically active body temperatures (7) 
(14, 15), activity in hot weather may result in 7, 
exceeding CT,y,x, the critical thermal maximum, 
leading to death. Lizards retreat to cool refuges 
rather than risk death by overheating. However, 
hours of restriction (/,) in thermal refuges limit 
foraging, constraining costly metabolic functions 
like growth, maintenance, and reproduction, there- 
by undermining population growth rates and 
raising extinction risk. Lizards could evolve 
higher 7;, but this brings them closer to CTynax, 
which increases risk of overheating. Extinction 
risk may increase because of other thermal adap- 
tations. For example, viviparity, which is posited 
to be a thermal adaptation to cold climates (/6), 
may elevate extinction risk because high 7, 
can compromise embryonic development in 
utero (/7). 

We analyzed rate of change in maximum air 
temperature Tix at 99 Mexican weather sta- 
tions and constructed climate surfaces (tables S2 
and $3, 1973 to 2008; fig. S1). Rate of change in 
Tmax Was greatest for winter-spring (January to 
May; fig. S1 and table S3A) and increased faster 
in northern and central México and at high ele- 
vation, as evidenced by significant coefficients for 
fitted climate surfaces. We found a correlation 
between rate of change in Tyy4. during winter- 
spring breeding periods and local extinctions of 
Sceloporus species (table S3). 

Many viviparous species in México are con- 
fined to high-elevation “islands,” where climate 
change has been most rapid. Logistic regression 
and multiple regression with phylogenetic inde- 
pendent contrasts (/8, /9) revealed that extinction 
risk was significantly related to low latitudinal 
and altitudinal range limits (Fig. 1, A and B), 
where thermal physiology and/or ecological 
interactions limit species (20, 21). Phylogenetic 
correlation analysis (18) showed that extinction 
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risk of viviparous lizards (18%) was twice that 
of oviparous lizards (9%, n =10000 bootstrap 
replications P < 0.001). Moreover, multiple re- 
gression based on phylogenetic independent 
contrasts (PICs; Fig. 1C and table S4) showed that 
extinction risk of viviparous taxa was significant- 
ly related to low 7; (To,viviparous = 31.8°C + 
0.31 [SE], Tb,oviparous = 34.8°C + 0.40, ¢ = 
5.92, P < 0.0001) and cool montane habitats 
CT sie. sivtiparous = 22.4°C + 1.79, T air oviparous = 
28.39°C + 1.38, t = 2.89, P < 0.006), where 
climate has changed most rapidly in Mexico. 

To validate patterns of extinction risk and 
T,, we deployed thermal models (22) that record 
operative temperatures (7) at two extinct and 
two persistent Yucatan sites of S. serrifer. Hours 
of restriction in activity (/,) during reproduction 
was significantly higher at extinct versus per- 
sistent sites (t = 9.26, P < 0.0001). By April 
2009, h, at extinct Yucatan sites had become 
so severe that if S. serrifer were still present, it 
would have to retreat shortly after emergence 
(fig. S4A). Daily Tinax Was positively correlated 
with , assessed by 7. (P < 0.001, fig. S4B). The 
relation between /, as a function of Tyna, relative 
to S. serrifer’s T, [h, = 6.12 + 0.74 * (Tmax — Ty), 
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eq. S2 (23)] is a general formula for predicting 
extinctions. 

We modeled extinct/persistence status based 
on values for h, at Sceloporus sites derived from 
eq. S2 (23). The Yucatan ground truth for S. 
serrifer suggests that extinction occurs when h, 
exceeds 4. We calibrated this value with extinct/ 
persistent Sceloporus sites. Goodness-of-fit tests 
of the model indicate that the best fit for ob- 
served and predicted extinctions at Sceloporus 
sites is h, > 3.85. If a species with a given Tj, at 
a given geo-referenced site, subjected to Tinax.is 
experienced fA, > 3.85 during the 2-month re- 
productive period (March to April), we assumed 
that it would go extinct by 2009. Association of 
predicted and observed extinctions from this 
physiological model was significant for ovipa- 
rous (x7 = 49.0, P < 0.001) and viviparous taxa 
(x? = 4.2, P < 0.04). 

As demography of high-elevation taxa be- 
comes compromised due to climate change, spe- 
cies at low elevation that were previously limited 
by physiology and competition should expand 
into historically cooler habitat that is now warmer 
(20, 24), perhaps accelerating extinction of high- 
elevation forms. For viviparous taxa, six errone- 
ously assigned extinct sites involved six of the 
eight cases of range expansion by low-elevation 
taxa, which all invaded from low to high altitudes 
or latitudes (table S1; significant by sign test, P < 
0.001). Adding range shifts of competitors as a 
factor improved fit significantly between observed 
and predicted extinctions (Alog likelihood = 45.37, 
1 df P < 0.0001, logistic regression). Therefore, 
competitive exclusion by invading low-elevation 
taxa appears to exacerbate climate-change ex- 
tinctions of high-elevation taxa. 

Lizards cannot evolve rapidly enough to track 
current climate change because of constraints 
arising from the genetic architecture of thermal 
preference (/2, /3). A phylogenetic correlation 
between 7, and CTynax constrains adaptation. 
PIC regression of CT,y,, on 7, among Phryno- 
somatidae suggests that a shift in 7, by 1°C yields 
only a 0.5°C correlated response in CT,,,x (table 
S5 and fig. $7). Thus, CTinax may not evolve 
fast enough to keep up with evolved change in 
Ty. Furthermore, adaptive increase in 7, due to 
climate change is constrained by genetic cor- 
relations in which high 7, necessarily requires 
prolonged activity out of retreat sites (25), 
further increasing risk of overheating. Genetic 
trade-offs with energetically costly traits such as 
growth (25) also constrain adaptation. 

The evolutionary response (R = h’s; s is the 
selection differential) necessary to keep pace with 
climate change is further constrained by low 
heritability for 7},, which we previously estimated 
at h? = 0.17 for Sceloporus occidentalis in the 
laboratory (25). We used the physiological model 
to compute the sustained selection differential at 
each site j, such that 7, + A,7,j; evolves to 
match Tinaxj + A-Tmaxj, yielding Ah,j = 0 and 
thereby rescuing population j from extinction [A; 
computed over 1975 to 2009 (historical), 2009 to 
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2050, and 2050 to 2080]. We assumed s; = Rihr = 
AT p lh’, and generation times of | year versus 
2 years (i.e., lowland versus montane Sceloporus, 
table S1). We expressed these critical levels of 
adaptive response as surfaces for Sgustainea, the 
sustained selection differential (Fig. 2B). 

We compared the magnitude of selection al- 
lowing a species to adapt to climate change with 
maximum rates sustained under artificial or 
natural selection (26). Such comparisons are 
facilitated by dividing each sustained selection 
differential by the standard deviation (o7, = 
1.23 for 7, of Mexican lizards) to obtain i, the 
standardized intensity of selection (26). Whereas 
i > 0.4 can be sustained in laboratory artificial 
selection for nine generations (27), studies in 
nature (26) indicate that 7 > 0.4 computed on 
an annual basis are rare (<5%). We also refer- 
ence i to other anthropogenic causes of selection. 
Overfishing of Atlantic cod yielded i = 0.55, 
among the highest measured, but this selection 
regime caused demographic collapse of the fish- 
ery (28). In México, extinct sites sustained sig- 
nificantly higher i than persistent sites (Zextinet = 
0.34 £ 0.05 versus persistent = 0.13 + 0.02, t = 
4.17, P < 0.001). The relation between inten- 
sity of selection and demographic collapse is 
simple. If sustained for decades, the mortality 
fraction necessary for selective shifts to new opti- 
ma compromises population growth rate precip- 
itating local extinction. 

If climate change Tax continues unabated in 
México, 56% of viviparous sites will be extinct 
by 2050 and 66% by 2080 (Fig. 2B). For 
oviparous sites, 46% will be extinct by 2050 
and 61% by 2080. Based on local extinction of 
all populations surveyed for species, we project 
58% species extinction of Mexican Sceloporus 
by 2080. Species extinction (58% by 2080) mir- 
rors local population extinction (61 to 66%) be- 
cause high-elevation endemics will go completely 
extinct as widespread lowland taxa expand to 
high elevations. 

We used the model to derive global extinc- 
tion projections (Fig. 3) for 34 lizard families 
(Table 1) with 1216 geo-referenced 7, records 
(table S6). Our data include heliotherms that 
bask and thermoconformers that do not bask, 
but track ambient air and surface temperature. 
Tmax Was obtained from the WorldClim database 
(29) at 10—are min resolution (1975, 2020, 2050, 
and 2080). We used distributional limits of he- 
hiothermic lizards of the world in 1975 to cal- 
ibrate h, by family, which if exceeded at a given 
site would precipitate extinction. The extinction 
model is easily adapted to thermoconformers that 
maintain 7, close to 7}; or retreat when 7)j. > 
Tpreferea- ASSuMing a sine wave for 7,;. between 
Tin ANd Trnax (24-hour period), if the cumulative 
hours that 7}; > 7, for a thermoconformer at a 
given geo-referenced site (table S6) exceeded 
the A, of a given lizard family, we assumed it 
would go extinct. Given Tynax — Tp at each geo- 
referenced site, we computed the h, each species 
sustained in 1975, and for each family we used 
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the upper 95% confidence level of h, (Table 1) 
as the extinction threshold (iteratively estimated, 
given global climate surfaces). Calibration with 


Fig. 1. (A) Logistic regression of 
extinction probability (0 = extant, 
1 = extinct) of Sceloporus lizards 
and reproductive mode: y = 7.41, 
P = 0.025, Aelevation (x? = 8.53, 
P =0.014), Alatitude (y” = 7.14, P= 
0.004), and Alongitude (not signif- 
icant), where A refers to deviations 
from species range midpoints. (B) 
Phylogenetic independent contrasts 
(PICs) of lineage survival (survival 
probability of local populations) 
and Aelevation (t = 2.15, P = 0.03), 
Alatitude (t = 3.94, P = 0.0001), 
and Alongitude (t = 2.66, P = 
0.009). (C) PICs of lineage surviv- 
al, T, (t= 2.32, P = 0.02), Tai, (t= 
2.31, P = 0.02), and reproductive 
mode (t = —2.92, P = 0.005). 


A Oviparous 
1975-2009 


, & 


2009-2050 


, & 


2050-2080 


, = 


A 


Extinct 


Extant 


i) 


PIC Lineage Survival 


a, 
€. 


viviparous 


oviparous 


-1000 0) 1000 


A Elevation 


PIC Lineage Survival 


T T T T T T T 
-2000 -1000 0 1000 


PIC A Elevation 


4° 3 2 4 0 1 2 8 
PIC Body Temperature (° C) 


Selection 
Differential 
m™ <0.0 
mm <0.1 
mm =0.2 
m =03 
mm <0.4 
mm <05 
mm >0.5 


Viviparous 


these 1975 distributional limits for Sceloporus 
yields h, = 3.9, which was cross-validated by was estimated directly from 7, at persistent 
h, = 3.85 computed from observed extinctions 
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Fig. 2. (A) Sustained selection differentials per year required for 7, to keep pace with global warming. (B) Extinctions of Mexican Sceloporus lizards 
(1975 to 2009, 2009 to 2050, 2050 to 2080). 
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As in the validation of Mexican Sceloporus 
extinction, we computed /, for temperate lizards 
over 2 critical reproductive months, but were 
conservative in modeling critical months re- 
quired for h, to be exceeded in the equatorial 
zone (+12° latitude) where lizards potentially 
breed year-round (/, exceeded over 12 months), 


Th <29°C 


, 


1975-2009 


1975-2050 


Ee 


1975-2080 


32 <Tp <35°C 


1975-2009 


1975-2050 


1975-2080 


and in the wet-dry tropical zone (+12° to 24° 
latitude: h, exceeded for 5 to 6 months). 
Geo-referenced 7, samples indicate that current 
(2009) local extinctions average 4% worldwide 
(Table 1). Global averages will increase fourfold 
to 16% by 2050 and nearly eightfold to 30% by 
2080, while equatorial extinctions will reach 23% 


REPORTS 


by 2050 and 40% by 2080. Assuming reproduc- 
tion shifts 1 month earlier in temperate zones [A7 = 
1.0 lay date (30)] and proportionately less to the 
trade zones (i.e., no shift), 2080 global extinctions 
jump to 38% because spring seasons are warm- 
ing faster across the globe. Our model is robust 
to plasticity in 7, (table S7) and initial assump- 
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Fig. 3. Contour plots of global levels of local extinction for heliothermic lizards (1975 to 2009, 1975 to 2050, 1975 to 2080), assuming h, = 4.55 


(23) and various 7, values. 
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Table 1. Sample size, 7, range, Tp +SE, Tmax, A, and Nspecies for 34 lizard 
families. Local extinction rates are based on geo-referenced 7, data and a 
physiological model of extinction. We also validated model predictions of local 


(£5, n = 117) for European Lacertidae (L. vivipara), 13% (+2, n = 1438) for 
African Cordylidae + Gerrhosauridae, 57% (+4, n = 125) on Madagascar, and 
10% (+1, n = 2841) for Australian Egernia Group lizards species. Estimates of 


extinction risk in 2080 for six families: 57% (+3, n = 200) for Mexican species extinctions in each family are derived from the relationships for 


Phrynosomatidae, 13% (+2, n = 3155) for South American Liolaemidae, 56% 


extinction of all local populations for these six families (table S8). 


= = Mode of Local extinction levels Species extinction 
Family n T, range Tp SE Tmax hy : 
thermoregulation Nspp 2009 2050 2080 2050 2080 
Agamidae 74 19.0-43.8 35.640.34 29.8 7.0  Heliothermic 381 0.000 0.169 0.292 0.059 0.266 
Amphisbaenidae 2 21.1-21.2 9 21.2+0.05 28.8 16.2  Fossorial 160 0.000 0.000 0.250 0.000 0.228 
thermoconformer 
Anguidae 10 =. 21.4-32.3.  26.740.94 20.9 5.6  Heliothermic, a few 112) 9 0.111 40.111 0.111 0.039 0.101 
fossorial 
Annielliidae 2 21.0-23.6 22.342.09 20.5 11.5  Fossorial 2 0.000 0.000 0.000 0.000 0.000 
thermoconformer 
Chamaeleonidae 18 =. 22.2-33.5  30.0+40.70 26.8 12.0 Forest 161 0.063 0.063 0.063 0.022 0.057 
thermoconformer 
Cordylidae 11 =. 27.8-33.8 31.5+0.82 23.6 6.8  Heliothermic 54 0.000 0.000 0.200 0.000 0.182 
Corytophanidae 4 26.0-35.0 31.941.48 29.4 13.4 Forest 9 0.250 0.250 0.250 0.088 0.228 
thermoconformer 
Crotaphytidae 23 35.5-38.9 37.3+0.62 23.3 1.2  Heliothermic 12 0.111 0.167 0.222 0.059 0.202 
Carphodactylidae 119 -15.1-35.5  24.541.59 34.7 10.9 Thermoconformer 30 0.350 0.820 0.820 0.289 0.748 
Diplodactylidae 42 =16.9-35.9 27.340.59 31.2 10.9 Thermoconformer 141 0.070 0.190 0.190 0.067 0.173 
Eublepharidae 18 26.6-33.0 28.5+0.44 32.9 10.9 Thermoconformer 28 0.060 0.240 0.240 0.084 0.219 
Gekkonidae 40 26.0-35.3 30.140.58 32.6 10.9 Thermoconformer 700 0.000 0.000 0.000 0.000 0.000 
Phyllodactylidae 13. 16.6-38.9 30.6+1.42 30.4 10.9 Thermoconformer 100 0.000 0.000 0.000 0.000 0.000 
Pygopodidae 21 9. 24.9-35.1 25.4+0.46 17.9 11.5  Fossorial 38 0.000 0.000 0.000 0.000 0.000 
thermoconformer 
Sphaerodactylidae 19 =.25.3-38.6  30.240.75 33.0 10.9 Thermoconformer 200 0.000 0.000 0.000 0.000 0.000 
Gerrhosauridae 4 31.8-33.3 32.642.09 28.3 6.8 Heliothermic 16 0.333 0.333 = 0.333 0.117 0.304 
Gymnophthalmidae 20 21.5-29.9 26.440.66 30.3 13.8 Leaf litter 193 0.095 0.333 0.667 0.117 0.608 
thermoconformer 
Helodermatidae 2 29.4-30.2 29.842.09 24.8 2.7. Heliothermic/thermal 2 0.000 0.000 1.000 0.000 0.912 
inertia 
Iguanidae 20) = 32.9-42.1 37.340.79 28.1 3.7  Heliothermic 36 0.143 0.143 0.286 0.050 0.261 
Lacertidae 89 26.7-40.2 35.4+0.31 25.6 3.1  Heliothermic 279 ~=—0.034 =—0.241:~=—s (0.460 0.085 0.420 
Lanthanotidae 1 - 28.0 30.5 9.4 Forest 1 1.000 1.000 1.000 0.352 0.912 
thermoconformer 
Leiocephalidae 1 - 36.3 31.7. 2.8 Heliothermic 29 0.000 1.000 1.000 0.352 0.912 
Liolaemidae 125  244-40.8 33.740.27 17.8 1.4  Heliothermic 219 0.027 0.071 0.107 0.025 0.098 
Opluridae 3 36.2-39.8  37.7£1.71 31.8 4.0  Heliothermic 7 0.333 0.667 0.667 0.235 0.608 
Phrynosomatidae 215 = 26.8-41.5 35.2+0.20 24.9 3.9  Heliothermic 125 0.037 0.087 0.149 0.031 0.136 
Polychrotidae 121 = 19.6-35.0 29.640.27 29.6 14.4 Forest 393 0.018 0.043 0.068 0.015 0.062 
thermoconformer 
Scincidae 210 = 20.3-38.0  32.9+40.20 26.5 6.2  Heliothermic, a few 1305 0.015 0.092 0.308 0.032 0.281 
fossorial 
Sphenodontidae 1 14.5-21.0 14.542.09 18.0 10.7 Nocturnal 1 0.000 0.000 0.000 0.000 0.000 
thermoconformer 
Teiidae 91 26.8-41.3 37.940.31 29.0 4.2  Heliothermic 121 0.012 0.136 0.210 0.048 0.192 
Trogonophidae 2 22.0-22.5 22.340.25 28.8 16.2  Fossorial 8 0.000 0.000 0.000 0.000 0.000 
thermoconformer 
Tropiduridae 72 ~~» 26.2-38.0 =33.740.35 28.3 7.7 ~— Heliothermic 111 0.043 0.058 0.087 0.020 0.079 
Varanidae 46 =. 28.8-38.9 35.8t0.44 29.7 4.6  Heliothermic/thermal 68 0.001 0.023 0.178 0.008 0.162 
inertia 
Xantusidae 8 18.7-33.0 25.4+1.32 20.7 0.0  Thigmothermic 29 0.000 0.000 0.000 0.000 0.000 
thermoconformer 
Xenosauridae 5 20.3-25.6 23.241.48 26.4 11.4  Thigmothermic 6 0.200 0.200 0.600 0.070 0.547 
thermoconformer 


tions made for reproductive periods in the tropics. 
If A, for equatorial taxa is computed over the 9 
hottest months of reproduction, rather than the 
conservative assumption of 12 months, global 
extinctions increase to 39% by 2080. 


The global generality of our model is verified 
by concordant distributions of current observed 
and predicted local extinctions of lizard biotas 
from four other continents (table S7). Our model 
pinpoints exact locations of two Liolaemid species 


going extinct in South America (Liolaemus lutzae, 
Phymaturus tenebrosus: y° = 32.1, P < 0.0001). 
In addition, the model predicts recent (2009) 
extinctions among 24 resurveyed populations of 
L. lutzae (x2 = 8.8, P = 0.003). In Europe, our 
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resurvey of Lacerta vivipara revealed 14 extinct 
sites out of 46 (30%), which are predicted quite 
precisely by the model (x? = 24.4, P < 0.001). In 
Australia, the model pinpoints 2009 extinctions 
of Liopholis slateri (x? = 17.8, P < 0.00001) and 
2009 extinctions of Liopholis kintorei (y° = 3.93, 
P = 0.047). In Africa, analysis of Gerrhosauridae 
and Cordylidae at 165 sites predicts <1% extinc- 
tions, and yet the model pinpoints the single ex- 
tinction reported by 2009 (exact P-value = 0.006). 
We temper this value with extinction projections 
of 23% for 2009 at Malagasy Gerrhosauridae sites, 
which is validated by the observed 21% levels 
of local extinction across several lizard families 
in Madagascar nature reserves (23). 

Thermoconforming lizards have been posited 
(37) to be more vulnerable to climate change 
relative to heliotherms. Even though 7, of ther- 
moconformers (27.5°C + 1.8°) is significantly 
less than T;, of heliotherms (33.5°C + 1.3, t= 
2.66, P < 0.02, n = 34 families; Table 1), PICs 
show that extinction risk was unrelated to ther- 
moregulatory mode (fig. S8), but was signifi- 
cantly increased by low T,, low h,, and high 
T max The similar level of local extinctions in 
2009 for Malagasy thermoconformers (21%, n = 
63) and heliotherms [21%, m = 34; (23)] supports 
this view. Evolved changes in thermoregulatory 
mode, 7}, 1, lay date, and habitat preference set 
risk as Tynax Tises, but owing to trade-offs, 71, and 
h, cannot be simultaneously maximized, hence 
extinction risk is independent of mode (fig. S8). 
Moreover, extinction risk is not higher for con- 
formers because heliotherms inhabit equatorial 
regions (i.e., sub-Saharan Africa) that are un- 
available to thermoconformers [a factor not con- 
sidered by (3/) or other models (/0)], and these 
areas are warming rapidly (Fig. 3). 

Our model, based on 7;,, /, in activity during 
reproduction, and timing of breeding, assesses 
salient adaptations that affect thermal extinc- 
tions. Concordant verification of 2009 levels of 
local lizard extinction in North and South Amer- 
ica, Europe, Africa, and Australia confirm that 
extinctions span tropical, temperate, rainforest, 
and desert habitats. Estimates of evolutionary 
rates required to keep pace with global change 
indicate that sustained and intense selection 
compromises population growth rates, precip- 
itating extinctions. Probability of local extinction 
is projected to result in species extinction prob- 
abilities of 6% by 2050 and 20% by 2080 (table 
S8). Range shifts only trivially offset losses, be- 
cause widespread species with high 7, shift to 
ranges of endemics, thereby accelerating their 
demise. Although global efforts to reduce CO, 
may avert 2080 scenarios, 2050 projections are 
unlikely to be avoided; deceleration in Tin, lags 
atmospheric CO; storage by decades (4). There- 
fore, our findings indicate that lizards have al- 
ready crossed a threshold for extinctions. 
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The concentration of carbon dioxide in Earth's atmosphere may double by the end of the 

21st century. The response of higher plants to a carbon dioxide doubling often includes a decline 
in their nitrogen status, but the reasons for this decline have been uncertain. We used five 
independent methods with wheat and Arabidopsis to show that atmospheric carbon dioxide 
enrichment inhibited the assimilation of nitrate into organic nitrogen compounds. This inhibition 
may be largely responsible for carbon dioxide acclimation, the decrease in photosynthesis and 
growth of plants conducting C3 carbon fixation after long exposures (days to years) to carbon 
dioxide enrichment. These results suggest that the relative availability of soil ammonium and 
nitrate to most plants will become increasingly important in determining their productivity 


as well as their quality as food. 


sphere has increased from about 280 to 390 

umol CO, per mol of atmosphere (umol 
mol!) since 1800, and predictions are that it will 
reach between 530 and 970 umol mol! by the end 
of the 21st century (/). Plants could mitigate these 
changes through photosynthetic conversion of 
atmospheric CO, into carbohydrates and other 
organic compounds, yet the potential for this miti- 
gation remains uncertain. Photorespiration is the 
biochemical pathway in which the chloroplast 
enzyme Rubisco catalyzes the oxidation of the 


T= concentration of CO, in Earth’s atmo- 


high-energy substrate RuBP rather than cata- 
lyzes the carboxylation of RuBP through the C3 
carbon-fixation pathway (2). Elevated CO, (or 
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low O2) atmospheric concentrations decrease 
rates of photorespiration and initially enhance 
rates of photosynthesis and growth by as much 
as 35% in most plants (C3 plants). This enhance- 
ment, however, diminishes over time (days to 
years), a phenomenon known as CO; acclima- 
tion (3, 4). Most studies suggest a strong link 
between CO, acclimation and plant nitrogen sta- 
tus [for example, (5)]. 

Nitrogen is the mineral element that organisms 
require in greatest quantity (6). The primary source 
of N for terrestrial plants is soil inorganic N in the 
forms of nitrate (NO; ) and ammonium (NH,'). 
Root absorption of NO, and NH," from the soil 
and assimilation of NO; and NH," into organic N 
compounds within plant tissues have a large in- 
fluence on primary productivity. The assimilation 
of NO; involves the sequential conversion of 
NO; into NO, , then into NH", then into gluta- 
mine, and finally into other organic N compounds. 
The first step of this process occurs in the cytosol, 
and the subsequent ones occur within chloroplasts 
or plastids. 

Previously, we reported that atmospheric CO, 
enrichment does not stimulate the growth of 
wheat plants receiving NO3 as a sole N source 
to the same extent as those receiving NH," (7). 
This result, as well as gas exchange measurements 
of wheat and Arabidopsis, suggested that elevated 
CO) (or low O3) atmospheric concentrations, which 
are conditions that decrease photorespiration, inhibit 
NO; assimilation in the shoots of C; plants (7, 8). 
In the present study, we assessed the influence of 


elevated CO, and sometimes low O, atmospheric 
concentrations on NO; assimilation in wheat and 
Arabidopsis using several independent methods. 

Our first method, NO; depletion, involved 
growing plants under ambient CO, and O, 
conditions and depriving them of NO; nutrition 
until their tissue NO3 contents decreased to low 
steady levels (9). The shoots of these NO} -depleted 
plants were then subjected to an ambient or elevated 
CO, atmospheric concentration and an ambient or 
low O, atmospheric concentration. The roots then 
received a pulse of NO3 in the nutrient medium. 
The decline of NO3 concentrations in the medium 
provided an estimate of net plant NO; absorption, 
and the difference between this net NO3 absorption 
and the accumulation of free NO; within the plants 
provided an estimate of plant NO3_ assimilation (8). 

By the NO; -depletion method, wheat assimi- 
lated nearly all of the NO; that its roots absorbed, 
whereas Arabidopsis assimilated less than half of 
the NO; that its roots absorbed (Fig. 1). Estimates 
of NO; absorption via this method were slower 
than estimates via the isotopic methods ('*N and 
'4N labeling) that are described below. The NO; - 
depletion method deprives plants of NO; for 
several days, and this has been shown to down- 
regulate the expression of several NO3_ transporters 
(/0). In contrast, the isotopic methods maintain a 
constant NO3 concentration in the medium and 
would not alter the expression of transporters. 

The NO; -depletion method showed that an 
elevated CO, atmospheric concentration around 
the shoots decreased the rate of NO3  assimila- 


Fig. 1. Three methods for assess- 
ing nitrate absorption (Absorb) 
and assimilation (Assim.) in wheat 
and Arabidopsis plants where the 
shoots were exposed to atmo- fs 
spheres containing 380 umol 
mol CO, and 21% O>, 720 umol 
mol * CO and 21% Op, or 380 
umol mol * CO, and 2% O>. 
Shown are means + SE (n = 6 to 
18) in mol NO3~ per gram plant 
per minute. Within a species and 
for absorption separately from 
assimilation, bars labeled with 
different letters differ significantly 
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tion (Fig. 1). A low O, atmospheric concentra- 
tion also decreased the rate of NO3 assimilation, 
but the decrease in Arabidopsis was not statisti- 
cally significant. By this method, as in the 
isotopic methods described below, NO3_ absorp- 
tion varied with elevated CO and low O; in a 
pattern that was similar to NO3 assimilation. 

Our second method for assessing NO; 
assimilation, '°N labeling, entailed growing plants 
under ambient CO, and Oy, conditions in a 
hydroponic medium containing 0.2 mM NO; at 
natural abundance levels of N isotopes (~0.366% 
'SN). We then shifted the plants to an ambient or 
elevated CO, atmospheric concentration and an 
ambient or low O, atmospheric concentration and 
to a root medium containing 0.2 mM NO;_ that 
was 25%-enriched in '"N-NO. After a 12-hour 
labeling period, we analyzed the plant tissues for 
'SN enrichment of total N and free NO; ; the N 
enrichment of total N provided an estimate of net 
'N absorption, and the difference between the 
‘SN enrichment of total N and that of free NO;3_ 
provided an estimate of '"NO3_ assimilation. 

According to '°N labeling, wheat and Arabidopsis 
assimilated about two-thirds of the '"N-NO; they 
absorbed (Fig. 1). In wheat, net "NO; absorption 
and assimilation were significantly greater under 
ambient CO, and O, atmospheric concentrations 
than under an elevated CO, or low O concentra- 
tion. In Arabidopsis, net 'SNO;- assimilation was 
significantly greater under an ambient CO, and O, 
atmospheric concentration than under an elevated 
CO, concentration. 

In our third method, '4N-NO; labeling, we 
grew plants under ambient CO and O; conditions 
in a hydroponic medium that contained 99.9% 
enriched '"N-NO3,_as the sole N source. When the 
wheat and Arabidopsis plants were about 14 and 
36 days old, respectively, the shoots were exposed 
to an ambient or elevated CO, atmospheric con- 
centration and an ambient or low O» atmospheric 
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Fig. 2. The AAQ, the change in the ratio of shoot 
CO, consumption to O2 evolution with a shift from 
NO; to NH,” nutrition, as a function of shoot in- 
ternal CO2 concentration (G) in wheat and Arabidopsis. 
An instrumental system described previously (12) 
monitored shoot gas fluxes. A biochemical model of 
photosynthesis (33, 34), which we fitted to the data, 
interpolated the values at regular C; intervals. 
Shown are the means + SE (n = 8 for wheat and 4 
for Arabidopsis). 
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concentration. After a few hours under these 
atmospheric conditions, the roots received a pulse 
of NO; containing the isotopes at their natural 
abundance levels of nitrogen (99.633% '4N). We 
estimated '4N-NO; absorption and assimilation 
from the decreases in the '°N enrichment of total 
N and free NO; in plant tissues after a 12-hour 
exposure to '4N-NO  . 

Differences in atmospheric CO, or O, concen- 
tration produced distinct patterns of the '*N 
labeling (Fig. 1). Wheat and Arabidopsis assimi- 
lated about two-thirds of the '*N-NO;~ they 
absorbed. In both species, an elevated CO, or 
low O, atmospheric concentration significantly 
decreased '*NO3° assimilation. 

Our fourth method for assessing NO; assim- 
ilation depended on the assimilatory quotient 
(AQ), the ratio of net CO, consumption to net Oz 
evolution from shoots during photosynthesis. 
Values of AO decrease as NO; assimilation 
increases, because additional electrons generated 
from the light-dependent reactions of photo- 
synthesis are transferred first to NO3 and then to 
NO, . This stimulates net Oz evolution but has 


little effect on CO, consumption (7, 8, //—/3). 
The A4Q—the difference in the AQ between 
plants receiving NH," as the sole N source and 
those receiving NO3 —is strongly correlated with 
shoot NO; assimilation. For example, A4Q did 
not deviate significantly from zero in plants with 
relatively low NO3 reductase activities (that is, 
Arabidopsis knockout mutants and 48-day-old 
wild-type Arabidopsis), whereas AAQ was posi- 
tive in plants with significant NO; reductase 
activities (that is, wild-type wheat, transgenic 
Arabidopsis that overexpresses NO; reductase, 
and 36-day-old wild-type Arabidopsis) (8). Rates 
of photorespiration do not influence AQ or AAQ, 
because this process changes neither net CO, 
consumption nor net O, evolution (2). 

During these gas-exchange measurements, we 
exposed the shoots of wheat and Arabidopsis to 
various atmospheric CO, concentrations. To ac- 
count for differences in stomatal conductance, 
we expressed shoot CO, and O, fluxes as a 
function of apparent shoot internal CO, concen- 
trations (C;) that we calculated from water vapor 
exchange. With increasing C;, the AAQ in both 
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Fig. 3. Shoot biomass, NO3_ content, organic N content, and 5°°N of organic N in wheat (upper panels) and 
Arabidopsis (lower panels) grown at 0.2 or 1.0 mM NO; and 380 or 720 mol mol * CO>. Shown are means + 
SE (n = 6 to 12). For each parameter, bars labeled with different letters differ significantly (P < 0.05). 
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species declined from a positive value to one that 
was not significantly different from zero (Fig. 2), 
indicating that NO3 assimilation was significant 
at subambient and ambient CO, concentrations 
but was negligible at elevated CO, concentrations. 

Our fifth method relied on the isotopic 
discrimination of NO3 reductase. When both iso- 
topic forms of NO; are readily available, this 
enzyme preferentially converts '*N-NO; into or- 
ganic N compounds by about 15 per mil (%o) (/4), 
and so organic N compounds in plant tissues are 
more depleted in '°N than the N compounds in the 
growth medium are. In contrast, when NO3_ availa- 
bility limits assimilation, this enzyme discriminates 
less against '"N-NO3 and assimilates relatively 
more '°N-NO3 , and so organic N compounds in 
plant tissues become more enriched in '°N. 

We grew wheat and Arabidopsis for 14 and 
22 days, respectively, in a medium that contained 
0.2 or 1.0 mM NO; (8'°N = —4%o) as the sole N 
source and under an ambient or elevated CO, 
atmospheric concentration. The difference be- 
tween total plant N and free NO; in the tissues 
provided an estimate of organic N. Wheat shoot 
growth did not respond to any of the treatments, 
whereas Arabidopsis shoot growth was greater at 
the higher NO; level but did not respond to CO, 
treatment (Fig. 3). Shoot NO3 contents were 
higher in plants that were grown at the higher 
NO; level, and shoot organic N contents 
decreased under CO, enrichment, although the 
decrease in wheat grown at 1.0 mM was not 
statistically significant (Fig. 3). 

Shoot 8'°N of organic N (Fig. 3) and plant 
NO; assimilation rate assessed via the isotopic 
methods (Fig. 1) were lower in wheat than in 
Arabidopsis. In both species, &'°N of shoot 
organic N decreased in plants grown at the higher 
NO3 level or under CO; enrichment, although the 
decrease with CO, in Arabidopsis that was grown 
at 1.0 mM was not statistically significant (Fig. 3). 
All of these results are consistent with NO3~ 
assimilation discriminating more against '°N- 
NO 3 when the availability of NO3 at the sites 
of NO; reduction was higher, as a consequence of 
either slower NO; assimilation in a species 
(wheat versus Arabidopsis), increased NO3_ 
supply (1.0 versus 0.2 mM), or decreased NO3 
assimilation (elevated versus ambient CO3). 

In this study, five independent methods affirm 
that CO, enrichment inhibits NO3~ assimila- 
tion in wheat and Arabidopsis plants. The pre- 
dominant form of N available to plants in most 
environments is NO3 (6); therefore, CO, inhi- 
bition of NO; assimilation would lead to lower 
organic N production. Indeed, this could be 
responsible for the 7.4 to 11% decrease in wheat 
grain protein (/5, /6) and the 20% decrease in 
total protein content of A. thaliana (Columbia) 
(17) observed under CO, enrichment in FACE 
(free-air CO enrichment) experiments. Because 
the influence of CO, enrichment on leaf organic 
N contents is highly correlated with its influence 
on photosynthesis and growth (5), it is reasonable 
to assume that CO, inhibition of NO3  assimila- 
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tion and the resultant decline in plant organic N 
contents play a major role in the phenomenon of 
CO, acclimation, the decline of photosynthesis, 
and growth of C3 plants after long exposures 
(days to years) to CO enrichment. 

The extent to which plants use NO; versus 
NH," as N sources varies over seasons, years, lo- 
cations, and species (6). This variation in the 
relative dependence on NO; could explain the 
observed variation in CO, acclimation. Net 
primary productivity diminished under CO, en- 
richment in an annual California grassland for 
which NO3 was the predominant N source (/8), 
presumably because NO; assimilation was in- 
hibited and plant organic N compounds became 
limiting. In contrast, Scirpus olneyi, the prominent 
C; plant in the Chesapeake Bay marsh, which is 
an NH,'-dominated ecosystem, showed little CO, 
acclimation. Even after a decade of treatment, 
photosynthesis and growth of this species 
remained about 35% greater under CO, enrich- 
ment (/9), with little change in N contents (20). 

Root NO; absorption and plant NO; assim- 
ilation were generally correlated in the N-depletion 
and isotopic methods, yet differences in the 
responses to elevated CO, or low O, atmospheric 
concentrations were sometimes significant for 
assimilation but not for absorption (Fig. 1). More- 
over, CO, enrichment decreased shoot organic N 
contents, but did not change or even increased 
shoot NO; contents (Fig. 3). CO, enrichment also 
increased '°N isotope discrimination during NO; 
assimilation (Fig. 3), indicating that NO3" availa- 
bility became less limiting to assimilation. Finally, 
changes in atmospheric CO, concentration influ- 
enced shoot NO3 assimilation within minutes 
(time response of Fig. 2 not shown). These CO, 
changes also influenced transpiration rapidly, but 
root NO; and NH," absorption from well-mixed 
hydroponic solutions is independent of transpira- 
tion (2/). Together, these results indicate that 
elevated CO, or low O, atmospheric concen- 
trations inhibited NO3 assimilation and_ that 
assimilation controlled root absorption, rather than 
elevated CO, or low O, atmospheric concen- 
trations influencing root NO3 absorption directly. 

One physiological mechanism that may be 
responsible for the relationship between elevated 
CO, or low O2 atmospheric concentrations and 
NO; assimilation involves the first biochemical 
step of NO; assimilation, the conversion of 
NO; to NO, in the cytoplasm of leaf mesophyll 
cells. Photorespiration stimulates the export of 
malic acid from chloroplasts (22) and increases 
the availability of the reduced form of nicotin- 
amide adenine dinucleotide (NADH) in the cyto- 
plasm (23) that powers this first step (24, 25). 
Elevated CO, or low O, atmospheric concen- 
trations decrease photorespiration and thereby 
decrease the amount of reductant available to 
power NO; reduction. In contrast, the C4 carbon 
fixation pathway generates ample amounts of 
malic acid and NADH in the cytoplasm of 
mesophyll cells. This may explain why shoot 
NO; assimilation is relatively independent of 


CO, concentrations in C4 plants (26) and limited 
to the mesophyll (27). 

Another physiological mechanism that may 
link NO; assimilation and elevated CO, is NO>~ 
translocation from the cytosol into the chloroplast. 
Six transporters of the Nar/ family are involved in 
NO, translocation from the cytosol into the chlo- 
roplast in Chlamydomonas, and some of these trans- 
port both NO, and HCO; (28). We have shown 
that HCO; inhibits NO, influx into isolated wheat 
and pea chloroplasts (7), indicating that an 
analogous system is operating in higher plants. 
Slower NO, influx into the chloroplast under CO, 
enrichment would decrease NO3_ assimilation. 

A third physiological mechanism linking CO 
enrichment and NO3_ assimilation involves com- 
petition for reductant in the chloroplast stroma. 
Several processes within the stroma—C; carbon 
fixation, the reduction of NO» to NH,", and the 
incorporation of NH4" into amino acids—require 
reduced ferredoxin generated by photosynthetic 
electron transport. Key enzymes in these processes 
have different affinities for reduced ferredoxin: 
ENR (ferredoxin-NADP reductase) has a Michaelis 
constant K,, of 0.1 uM, NiR (nitrite reductase) 
has a K,, of 0.6 uM, and GOGAT (glutamate 
synthase) has a Ki, of 60 uM (29). As a result, 
NO; assimilation may proceed only if the avail- 
ability of reduced ferredoxin exceeds that needed 
for the formation of the reduced form of nicotin- 
amide adenine dinucleotide phosphate (NADPH) 
(24, 30). For most plants, this occurs when CO 
availability limits C3 carbon fixation (7). 

The phenomenon of CO; acclimation may have 
several explanations. According to the carbohy- 
drate sink limitation hypothesis, plants under CO, 
enrichment initially assimilate more CO, into 
carbohydrates than they can incorporate into their 
growing tissues; in response, they diminish CO, 
assimilation by decreasing their levels of Rubisco 
and other proteins (3). An alternative explanation 
is the progressive N limitation hypothesis in which 
shoots accumulate carbohydrates faster than plants 
can acquire N, making leaf N contents decrease 
(4, 31, 32). As these leaves senesce and drop to 
the ground, plant litter quality declines, microbial 
immobilization of soil N increases because of the 
high C-to-N ratios in the litter, soil N availability 
to plants further diminishes because more soil N 
is tied up in microorganisms, plants become even 
more N limited, plant protein levels decline, and 
plant processes including photosynthesis and 
growth slow down. 

Both of these hypotheses about CO  acclima- 
tion fit nicely into the framework of our results. 
The decline in Rubisco predicted by the carbohy- 
drate sink hypothesis might derive from CO, in- 
hibition of NO; assimilation and the subsequent 
decline in plant organic N compounds (Fig. 3). The 
decline in leaf N contents predicted by the pro- 
gressive N limitation hypothesis might derive from 
CO, inhibition of NO; assimilation and the sub- 
sequent decline in plant NO; absorption (Fig. 1). 

Our findings have implications for food pro- 
duction. Nitrate is the most abundant form of N in 


agricultural soils (6). As atmospheric CO, con- 
centrations rise and NO}; assimilation diminishes, 
crops will become depleted of organic N com- 
pounds (see Fig. 3), including protein, and food 
quality will suffer. Increasing nitrogen fertilization 
might compensate for slower NO; assimilation 
rates (Fig. 3), but such fertilization rates might not 
be economically or environmentally feasible. 
Greater reliance on NH," fertilizers and inhibitors 
of nitrification (microbial conversion of NH," to 
NO; ) might avoid the bottleneck of NO3_ assim- 
ilation, but would require sophisticated fertilizer 
management to prevent NH,’ toxicity, which 
occurs when free NH,° accumulates in plant 
tissues if they absorb more of this compound than 
they can assimilate into amino acids. To address 
these issues, a better understanding of plant NH," 
and NO3 assimilation is critical. 
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Resource Management Cycles 
and the Sustainability of Harvested 
Wildlife Populations 


John M. Fryxell,?* Craig Packer,? Kevin McCann, Erling J. Solberg,? Bernt-Erik Sather? 


Constant harvest policies for fish and wildlife populations can lead to population collapse in the 
face of stochastic variation in population growth rates. Here, we show that weak compensatory 
response by resource users or managers to changing levels of resource abundance can readily 
induce harvest cycles that accentuate the risk of catastrophic population collapse. Dynamic system 
models incorporating this mix of feedback predict that cycles or quasi-cycles with decadal 
periodicity should commonly occur in harvested wildlife populations, with effort and quotas lagging far 
behind resources, whereas harvests should exhibit lags of intermediate length. Empirical data gathered 
from three hunted populations of white-tailed deer and moose were consistent with these predictions of 
both underlying behavioral causes and dynamical consequences. 


ne of the most central problems in ecol- 

ogy is what causes some harvested pop- 

ulations to collapse, whereas others are 
able to withstand exploitation (/—4)? Population 
collapses in many fisheries have encouraged 
substantial theoretical work on the challenging 
problem of optimal harvesting policy in response 
to demographic and environmental stochasticity 
(J-8). This has led to several sophisticated op- 
timal harvest models supporting constant harvest 
mortality rates, threshold harvesting policies, or 
no-take reserves. Although these policies are 
sometimes feasible, in reality many management 
agencies have limited ability to control the num- 
ber of resource users or harvest effort. This is 
particularly true of recreational harvesting, be- 
cause of the open-access philosophy underlying 
sport fisheries and wildlife hunting. Even when 
harvest levels are directly set by regional man- 
agers, such control is often in the form of ad hoc 
quotas that vary from year to year. Modern har- 
vesting theory is based on coupling harvest with 
dynamic variation in resource abundance. Here 
we show that weak compensatory response by 
harvesters or resource managers can itself gen- 
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erate cyclic variation in resources, exacerbating 
the risk of collapse. Weak harvest regulation 
contributes to the problem rather than providing 
an acceptable management solution to resource 
fluctuation. 

To consider this issue, we developed a dy- 
namical system model in discrete time (9), based 
on simple intuitive assumptions about human 


behavior, combined with mass action principles 
commonly applied in ecological models (/0-16). 
The model assumes that harvesting is open 
access, meaning that there is no governmental 
restriction of harvest effort, but annual quotas 
are used to constrain the maximum harvest. 
Harvesters share information about their experi- 
ences during hunts or fishing trips, just as people 
talk about other important aspects of their lives. 
Mass action principles accordingly guide the 
sharing of social information, based on the 
probability of communication among network- 
ing members of a finite population of potential 
harvesters. Hence, we predict that the rate of 
change in effort from year to year should be a 
positive function of resource abundance but a 
negative function of current effort (9). 

We assume that a similar mix of positive and 
negative feedbacks influences quota levels set 
by resource managers. High levels of resource 
abundance should encourage increasing quotas 
if managers are sensitive to meeting the rising 
expectations of harvesters, whereas declining 
resource levels should encourage the opposite 
response. Our model assumes that managers 
make such responses in incremental fashion, 
applying small percentage increases or decreases 
to the previous year’s level in making their an- 


Fig. 1. Predicted time se- 
ries for the proposed dy- t 
namic harvest-effort-quota 
system, for a locally stable 
set of parameters (a = 
0.3, K = 4, q = 0.0001, 
c=-0.1,w=0.2,u= 
0.00002, f = —0.05, i= 
0.15, j = 0.1) (9) (A) 
without any environment- 
al stochasticity and (B) 
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simplify plotting on a sin- 
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nual modification of quotas. Our model also as- 
sumes that managers are reluctant to exceed 
quota levels experienced in the past, leading to a 
negative feedback on rates of quota change (9). 

These compensatory responses can be read- 
ily incorporated into a modified version of the 
Rosenzweig-MacArthur model of consumer- 
resource interactions (//, /2). We consider a 
discrete time formulation to be more realistic than 
a continuous formulation for several reasons: (i) 
most fish and wildlife species of interest have a 
single birth-pulse breeding season each year, (ii) 
harvesting is typically confined to a short season 
each year, and (iti) license sales and quota levels 
are usually set in advance of the harvest season. 
We accordingly structured our discrete time mod- 
el by assuming that harvesting is followed by 
density-dependent recruitment according to the 
Ricker logistic formulation, with negative feed- 
backs on the exponential rate of population growth 
dictated by post-harvest resource abundance (9). 
For subsequent analyses of the deterministic form 
of the discrete time model, we re-scaled state var- 
iables to make them dimensionless. Local stabil- 
ity analysis (9) was used to compare the range of 
stable versus unstable parameter combinations, 
to determine whether damped oscillations char- 
acterize the response to local perturbations from 
equilibria and to estimate the period length of 
such damped oscillations (/3—/6). 

In the absence of environmental stochastic- 
ity, our model predicts that equilibria are locally 
stable for a restricted set of parameter combina- 
tions, whereas stable limit cycles are the norm 
for other parameter combinations, a pattern often 
seen in ecological models (/2—/6). Deterministic 
instability is particularly likely when resource 
carrying capacity is high, the maximum rates of 
increase in effort or quotas are particularly high, 
or the rate of decline in effort or quotas at low 
resource abundance is particularly low (fig. S1). 
Even in stable systems, however, our model pre- 
dicts that the approach to stability after pertur- 
bation will be extremely slow, characterized by 
damped oscillations over time (Fig. 1A). The 
return time for such damped cycles depends on 
intrinsic growth rates, but for many large-bodied 
species, including most mammals, birds, and sport 
fish, it may take decades for perturbed populations 
to recover their former abundance (fig. S2). 

In the real world, populations are invariably 
subject to substantial levels of environmental 
and/or demographic stochasticity (17, 78). Damped 
oscillations in the deterministic system coupled with 
stochastic variation in population growth rates leads 
to quasi-cyclic fluctuation (/5, /6) (Fig. 1B), with 
similar periodicity as that seen in simpler perturbed 
systems (Fig. 1A). In other words, dynamic 
variation in harvest effort and/or quotas, coupled 
with environmental or demographic stochasticity, 
should often lead to wildlife population cycles 
regardless of other ecological interactions. 

Instability in our model traces from asynchrony 
in the dynamic responses of either harvesters or 
their regulating agencies to changes in resource 
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Fig. 2. Harvest data are illustrated for white-tailed deer from the Canonto District of Ontario, 
Canada. (A) Annual estimates of resource abundance (solid circles), harvest (open circles), and 
effort (solid triangles). To simplify plotting on a single set of axes, variables were normalized by 
dividing yearly values by the mean for the entire time series. Autocorrelation functions for resource 
abundance are shown in (B). All sample autocorrelation function values that exceed the horizontal 
bars are statistically significant (P < 0.05). The bottom two plots show rates of change in hunting 
effort (z) in relation to resource density (x) (C) and current effort (y) (D) (z = 0.0706 + 0.000305x — 
0.000104y, F239 = 5.51, P = 0.009, R* = 0.271). 


levels. Social adjustments in effort or regulatory 
adjustments in quotas occur at discrete, annual 
intervals because of short harvest season lengths. 
As a consequence, even locally stable systems 
would require a long time to equilibrate. In a 
realistically noisy world, such slow equilibration 
would translate into quasi-cycles of extended 
length, typically on the order of decades. The 
propensity for quasi-cyclic fluctuations is more 
pronounced for species with low intrinsic growth 
rates and modest levels of environmental sto- 
chasticity, such as large mammals, than it is for 
species with faster life histories or those subject 
to high variation in environmental conditions. 
Our model suggests that harvested species are 
regulated by either harvester behavior or man- 
agement policy, but not both. The structure of the 
model is such that either effort or quotas fully 
determine system equilibria, depending on which 
regulatory process supports the higher level of 
resources at equilibrium. Because both processes 
respond to changes in resource abundance, how- 
ever, time dynamics of effort and quotas in 
unstable systems should become synchronized 
(Fig. 1B). Our model makes a number of testable 
predictions: (i) rates of change in effort and quotas 
should be positively associated with resource levels, 


but negatively related to current levels of effort or 
quotas; (ii) harvested populations should often 
fluctuate with return times on the order of decades; 
and (iii) both effort and quotas should fluctuate in 
unison, but each should be far out of phase with 
resources, whereas harvest should have a lag of 
intermediate length. 

As a proof of concept, we evaluated our 
model using three different populations of hunted 
ungulates (Canadian white-tailed deer and Nor- 
wegian moose) that had at least 20 years of 
continuous time series data available on popula- 
tion density, harvest, effort, and quota. Moose 
data for the Troms and Vest Agder Districts in 
Norway were provided by the National Moose- 
Monitoring Program (/9). For the purposes of 
this paper, population abundance was estimated 
using moose seen per hunter day. Data on har- 
vest level and hunter effort came from hunter 
questionnaires with high response rates. Data 
for white-tailed deer came from the Canonto 
District of Ontario. Deer harvests during 1953— 
1987 were limited to a 1- to 2-week period dur- 
ing the autumn. Access to the site was limited to 
two roads, both of which were closely moni- 
tored by wildlife personnel, who interviewed 
every hunter leaving the area to estimate hunt- 
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Fig. 3. Predicted probability of pop- 
ulation collapse (to 10% of the 
equilibrium density) in a model sys- 
tem with constant effort (open circles) 
compared to one with weak compen- 
satory changes in effort (solid circles), 
based on 5000 Monte Carlo repli- 
cates for each level of environmental 
stochasticity. Constant effort and 
quota levels were set at equilibria 
for the dynamic system. Simulations 
were based on the same locally stable 
set of parameters shown in Fig. 1 (a= 
0.3, K =4, q = 0.0001, c=—0.1, w= 
0.2, u = 0.00002, f = -0.05, i= 0.15, 
j = 0.1) with the standard devia- 
tion in environmental stochasticity 
€ ranging between 0.00 and 0.25. 


Probability of collapse 


0.00 


ing effort (days) and harvest. Deer population 
density in the 230-km* study area was esti- 
mated with virtual population analysis (20). For 
all study populations, exponential rates of in- 
crease in effort and quotas were estimated by y, = 
In(x;+1/x,), where y is the exponential rate of 
change, x is the response variable (either effort 
or quota), and ¢ is time, measured in years. 
Linear regression was used to test whether rates 
of increase in effort and quotas were significant- 
ly related to resource abundance and current 
levels of either effort or quota. Standard time 
series analyses (autocorrelation and cross- 
correlation functions in the statistical software 
R, version 2.4) were applied to each data set to 
evaluate statistical support for recurrent versus 
damped oscillations and lag length for harvest, 
effort, and quotas relative to resource abun- 
dance (/5). Although complete understanding 
of the population dynamics of long-lived species 
is enhanced by age-specific data on demographic 
rates (2/), simpler nonstructured models, such as 
the Ricker equation used here, can often be used 
to capture the most salient dynamical features 
(15, 22). Simpler models have the added benefit 
of allowing the full range of analytical tools 
needed to evaluate the stability of complex dy- 
namic systems. 

All of the populations exhibited diagnostic 
patterns that were remarkably consistent with 
our model (Fig. 2 and figs. S3 and S4). Popu- 
lation abundance varied considerably over time, 
with the smallest range of variation recorded in 
moose in the Troms District (twofold) and the 
highest variability recorded in white-tailed deer 
(fivefold). In each population, autocorrelation 
functions provided evidence of phase-forgetting 
(damped) oscillations in resource abundance, 
with period lengths of 8, 24, and 30 years. Cross- 
correlation functions indicated a pronounced 
lag (2 to 6 years) between fluctuations in resource 
abundance and effort, a modest lag between 
harvest and effort, and little lag between quotas 
and effort (fig. S5). Changes in effort were pos- 
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itively related to resource abundance but nega- 
tively related to current levels of effort. Rates of 
change in quotas were also positively related to 
resource abundance but negatively related to 
quota level (fig. S6). All of these time series char- 
acteristics were predicted by the model. 

Alternatively, changes in harvesting pressure 
can induce generational cycles in long-lived 
species by perturbations of the stable age dis- 
tribution (2/—23). We tested this possibility by 
time series analysis of the proportion of deer and 
moose young through time. Although strong 
cohorts were identified in all three study popu- 
lations, autocorrelation functions showed no 
evidence of cyclic fluctuation in age structure 
that could explain the observed oscillations in 
overall population abundance (figs. S7 and S8). 
Thus, although it is theoretically possible that 
temporal variation in age structure can interact 
with harvest dynamics and population abundance 
to amplify unstable dynamics, generation cycles 
do not explain the observed oscillations in the 
abundance of white-tailed deer and moose. 

Wildlife harvesting of species such as moose, 
elk, deer, bears, bobcats, and cougars is often 
conducted in a manner consistent with our model. 
In many jurisdictions, virtually anyone is eligible 
to apply for a hunting permit. There are often 
regional quotas on harvest, however, facilitated 
via telephone hotlines. Although there can be 
special restrictions on the age, sex, or location of 
harvested animals, regulatory procedures for a 
given species often tend to be fairly consistent 
across different wildlife agencies. 

As a result of the open-access philosophy 
typically underlying wildlife harvest manage- 
ment (that is, employing few restrictions on par- 
ticipation in hunting, instead changing quotas on 
an annual basis), large-scale fluctuations in abun- 
dance are to be expected. A scattering of pub- 
lished papers in the literature are consistent with 
the unstable scenario we have drawn (/, 24-27), 
suggesting that quasi-periodic fluctuations in 
resources, exploitation rate, and quotas may be 
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much more common than previously realized. If 
we are correct in asserting that asynchronous dy- 
namics of harvested resources, effort, and quotas 
often occur, due to delayed human behavioral 
responses to changing conditions, then conser- 
vation and management agencies might well 
benefit from more frequent reassessment of quota 
levels in response to undesirable changes in pop- 
ulation levels occurring over the course of the 
hunting season, or from the institution of more 
conservative, temporally stable policies. Future 
harvest policies should aim to minimize variation 
in resource mortality risk by maintaining con- 
stant effort, setting quotas proportionate to cur- 
rent resource abundance, or shifting to threshold 
or proportional threshold approaches. Recon- 
ciling these alternative management options 
with open-access policies will no doubt prove 
challenging. 

Weak harvest regulation should be particu- 
larly worrisome in populations with high levels 
of demographic or environmental stochasticity 
or with pronounced Allee effects due to preda- 
tion, disease transmission, or reduced probabil- 
ity of breeding (28-30). Our simulations suggest 
that the risk of population collapse could be 
dramatically higher in systems with dynamic ef- 
fort and quota levels (Fig. 3), simply because of 
extreme population excursions caused by quasi- 
periodic dynamics resulting from even mild 
levels of environmental stochasticity. When re- 
source abundance is regulated by dynamic man- 
agement responses via quotas, unstable systems 
are often vulnerable to extinction, even in the 
absence of Allee effects or stochastic variation 
in growth rates. These findings suggest that it is 
unwise to neglect dynamic patterns of change in 
both harvest effort and quotas in assessing long- 
term strategies for sustainable resource use. 
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Molecular Identity of Dendritic 
Voltage-Gated Sodium Channels 


Andrea Lorincz* and Zoltan Nusser* 


Active invasion of the dendritic tree by action potentials (APs) generated in the axon is essential for 
associative synaptic plasticity and neuronal ensemble formation. In cortical pyramidal cells (PCs), this AP 
back-propagation is supported by dendritic voltage-gated Na* (Nav) channels, whose molecular identity 
is unknown. Using a highly sensitive electron microscopic immunogold technique, we revealed the 
presence of the Nav1.6 subunit in hippocampal CA1 PC proximal and distal dendrites. Here, the subunit 
density is lower by a factor of 35 to 80 than that found in axon initial segments. A gradual decrease 

in Nav1.6 density along the proximodistal axis of the dendritic tree was also detected without any labeling 
in dendritic spines. Our results reveal the characteristic subcellular distribution of the Nav1.6 subunit, 
identifying this molecule as a key substrate enabling dendritic excitability. 


ssociative synaptic plasticity in cortical 
Ania cells (PC) is the most widely 

accepted cellular model of learning. An 
essential prerequisite of the model is that input 
synapses, which are distributed over an enor- 
mously large dendritic tree, must be capable of 
sensing the precise timing of the output signal. 
The most likely mechanism for this is the active 
invasion of the dendritic tree by fast sodium 
action potentials (APs) initiated in the axon initial 
segment (AIS). Modification of back-propagating 
APs therefore holds tremendous potential for al- 
tering synaptic plasticity and forming of neuronal 
representations. Voltage-gated Na’ (Nav) currents 
have been detected in hippocampal and neo- 
cortical PC dendrites, where they not only sup- 
port AP back-propagation but also underlie 
nonlinear synaptic integration and dendritic so- 
dium spike generation [(/—6) and reviewed in 
(7—-10)]. Patch-clamp experiments demonstrate 
that axonal and somatodendritic Nav currents 
differ in their activation and inactivation proper- 
ties (7, 12), indicating either different Nav subunit 
compositions or distinct posttranslational modifi- 
cations of identical subunits (12-14). However, the 
lack of subunit-specific drugs precludes the un- 
equivocal identification of the subunit composi- 
tion of the axosomatodendritic Nav channels using 
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functional approaches. Immunohistochemistry 
with subunit-specific antibodies offers an alter- 
native experimental approach to address this issue. 
Nav1.1, Nav1.2, and Nav1.6 are the Nav subunits 
expressed in adult brains (75, 16). They have been 


Fig. 1. Somatodendritic lo- 
calization of voltage-gated 
sodium channels. (A) Immu- 
nofluorescence localization of 
the pan-Nav, Nav1.1, Nav1.2, 
and Nav1.6 subunits in the 
CA1 area. (B) Double immu- 
nofluorescence reaction shows 
weak pan-Nav immunolabel- 
ing along the Kv2.1 subunit 
immunoreactive somatoden- 
dritic plasma membrane of 
CA1 PCs. Note the much higher 
labeling intensity of the AlSs. 
slm, stratum lacunosum- 
moleculare; sr, stratum radi- 
atum; sp, stratum pyramidale; 
so, stratum oriens. Scale bars: 
(A), 50 um; (B), 10 pum. 


detected in nodes of Ranvier, AISs, and pre- 
terminal axons using immunofluorescence local- 
ization (/7—22). Unfortunately, this method has so 
far failed to visualize any of these Nav subunits in 
somatodendritic compartments, most likely due to 
its insufficient sensitivity. We modified the immu- 
nofluorescence technique to increase its sensitivity 
and employed a highly sensitive, quantitative 
electron microscopic (EM) immunogold method 
[SDS-digested freeze-fracture replica-labeling 
(SDS-FRL)] (23-25) to identify the Nav sub- 
unit content of the somatodendritic plasma mem- 
branes of CA1 PCs. 

In conventional immunofluorescence local- 
ization techniques, the tissue is usually fixed with 
a phosphate-buffered fixative containing para- 
formaldehyde, resulting in a fixation that masks 
antigens in many subcellular compartments, includ- 
ing, for example, postsynaptic densities and AISs 
(26). The visualization of antigens in some of 
these compartments might be possible after 
antigen retrieval, such as microwave irradiation 
or pepsin digestion (27, 28). We used a low-pH— 
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based fixation approach (see supporting online 
material) that vastly increased the strength of 
the reactions for almost all y-aminobutyric acid 
type A (GABA,j) and glutamate receptors, and 
voltage-gated K* and Na’ channels, and allowed 
the visualization of these proteins in postsynaptic 
membranes and AISs without antigen retrieval. 
Using this approach, we first employed pan-Nav 
antibodies to visualize all Nav subunits in the 
hippocampal CA1 area of the adult rat. Immuno- 
reactions with pan-Nav antibodies revealed a 
very strong labeling of AISs and nodes of 
Ranvier in stratum pyramidale (SP) overlying 
a rather homogeneous staining of the strata 
oriens (SO), radiatum (SR) and lacunosum- 
moleculare (SLM) (Fig. 1A). The increased sen- 
sitivity afforded by the low-pH fixation condition 
allowed the visualization of pan-Nav immuno- 
signal associated with somatic and proximal 
dendritic plasma membranes of PCs (Fig. 1B) 
that were also outlined by strong Kv2.1 subunit 
immunoreactivity. The intensity of the dendritic 
pan-Nav labeling was much weaker than that of 
the AISs, consistent with functional predictions 
(29). Interestingly, in some PCs, strongly pan- 
Nav-—labeled AJISs originated from the apical 
dendrites and a stronger pan-Nav labeling was 
associated with the plasma membrane of these 


Fig. 2. Immunofluorescence 
localization of the Nav1.2 
and Nav1.6 subunits in CA1 
PCs. (A) A double immuno- 
fluorescence reaction dem- 
onstrates the colocalization 
of the Nav1.6 and Nav1.2 
subunits in the AlSs of CA1 
PCs. Immunolabeling for the 
Nav1.2 subunit is confined 
to the proximal part of the 
AlSs. (B and C) Immuno- 
fluorescence double-labeling 
experiments reveal that the 
majority of the Nav1.2 subunit 
immunolabeling in stratum 
radiatum (sr) colocalizes with 
the presynaptic marker vGluT1 
(B) but does not colocalize 
with the Kv4.2 subunit (©), a 
K* channel subunit that is 
known to be present in PC 
dendritic shafts and spines. 
(D and E) An immunofluores- 
cence reaction for the Nav1.6 
subunit in the strata pyrami- 
dale (sp) and proximal radia- 
tum (sr) of the CA1 area 
demonstrates weak plasma 
membrane—like labeling of 
PC proximal apical dendrites. 
Note the much higher label- 
ing intensity of the AlSs. (F) 
A double immunofluores- 
cence reaction in the stratum 


dendrites around the origin of the AIS (Fig. 2F and 
fig. S1). Our pan-Nav immunofluorescence reac- 
tions visualized Nav channels in the somatodendritic 
compartments of PCs and revealed large differences 
in Nav density between AJSs and somatodendritic 
plasma membranes. However, the subunit com- 
position, the presence or absence of Nav channels 
in small dendritic compartments such as small 
oblique dendrites and dendritic spines, and the 
exact quantitative difference in Nav density between 
distinct subcellular compartments remained elusive. 

To address the first of these issues, we car- 
ried out immunofluorescence reactions with spe- 
cific antibodies against the Nav1.1, Nav1.2, and 
Nav1.6 subunits. After confirming the specific- 
ity of the immunoreactions (figs. S2 and S3A), 
we investigated their distributions in the CA1 
area. The labeling pattern obtained with the pan- 
Nav antibodies was essentially the sum of the 
patterns obtained for these three subunits (Fig. 
1A). Immunosignal for the Nav1.1 subunit was 
restricted to small axonlike profiles in the SP; 
diffuse signal for the Nav1.2 subunit was ob- 
served in the neuropil of the SO, SR, and SLM; 
and intense Nav1.6 labeling was confined to 
AISs and nodes of Ranvier (Fig. 1A). Double 
immunolabeling for Kv3.1b and Navl.1 sub- 
units demonstrated that this Nav subunit is present 


radiatum shows the colocalization of pan-Nav (red) and the Nav1.6 subunit (green) in a strongly immuno- 
positive AIS and its parent apical dendrite. Scale bars: (A), (E), and (F), 5 um; (B) to (D), 10 um. 
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in small axonlike processes and AISs of Kv3.1b 
immunopositive GABAergic interneurons (fig. S3), 
but not in PCs, in agreement with a previous study 
(19). Double immunofluorescence reactions re- 
vealed the presence of the Nav1.2 subunit in the 
proximal part of PC AISs (Fig. 2A) (/7), but no 
Nav1.2 subunit immunoreactivity could be de- 
tected in the plasma membranes of somata and 
proximal apical dendrites. The diffuse Nav1.2 
subunit immunolabeling of the neuropil was asso- 
ciated with vGluT1 immunopositive presynaptic 
axons (Fig. 2B) but not with Kv4.2 immuno- 
reactive dendritic shafts or spines of CA1 PCs 
(Fig. 2C), demonstrating the predominantly pre- 
synaptic expression of this subunit. Very intense- 
ly labeled AISs and nodes of Ranvier dominated 
the pictures obtained for the Nav1.6 subunit. In 
addition, in our best reactions, very weak plasma 
membrane-like labeling of PC apical dendrites 
could be observed (Fig. 2, D and E). This label- 
ing decreased in intensity when individual den- 
drites were followed from their somata toward 
their apical tips (Fig. 1A). Weak dendritic 
Nav1.6 labeling could be detected in those PCs 
in which AJSs originated from the apical den- 
drites (Fig. 2F). However, even in our best reac- 
tions, small-diameter oblique apical and basal 
dendrites, as well as dendritic spines, remained 
immunonegative. These results provide molec- 
ular identification of dendritic Nav channels and 
predict complex subcellular compartment- and 
distance-dependent regulation of the cell-surface 
density of Nav1.6 in PC dendritic trees. 

To identify the potential presence of the 
Nav1.6 subunit in small dendritic compartments 
and to quantify the differences in the plasma 
membrane density of Nav1.6 in distinct sub- 
cellular compartments, we adopted SDS-FRL 
(23, 24), a recently developed quantitative EM 
immunolocalization method with exceptionally 
high sensitivity. The labeling efficiency for syn- 
aptic AMPA receptors of ~100% using SDS- 
FRL (30) is about 2.5 times as high as that 
achieved with a postembedding immunogold 
localization of the same subunits with an identical 
antibody (37). A labeling efficiency of 100% 
means that, on average, every protein is repre- 
sented by a gold particle with a localization 
method that has a spatial resolution of ~25 nm. 
We therefore exploited the potential of this method 
for Nav1.6 localization by preparing carbon- 
platinum-carbon replicas of the CA1 area after 
high-pressure freezing and freeze-fracturing, and 
immunoreacted them with our antibodies to 
Nav1.6 (/8). First we sought to examine the 
immunogold content of AISs (Fig. 3), the most 
intensely labeled subcellular structures found in 
the immunofluorescence reactions. Many elongated 
protoplasmic face (P-face) membrane structures 
in SP and SO contained a very high density of 
gold particles (Fig. 3A). These structures were 
then molecularly identified as AISs in double- 
labeling experiments with AIS markers such as 
pan-Neurofascin and Ankyrin-G (Fig. 3, B to D). 
The labeling on the P-face membranes is con- 
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sistent with the cytoplasmic location of the epitope 
recognized by our antibody (intracellular loop be- 
tween domains II and III), given the accepted 
transmembrane topology of the Nav1.6 subunit. 
Ina few cases, AISs were fractured together with 
a fragment of the corresponding somatic plasma 
membrane (Fig. 3H), allowing us to assess how 
Nav1.6 density changes in the AIS as a function 
of distance from the soma. The graded increase in 
the density of the Nav1.6 subunit along the prox- 
imodistal axis of PC AISs observed in the immuno- 
fluorescence reactions (Fig. 3G) could also be 
captured in replicas (Fig. 3, H to L). Furthermore, 
gold particles labeling the Navl.6 subunit on 
AISs consistently avoided the perisynaptic and syn- 
aptic membrane areas of axo-axonic GABAergic 
synapses, identified by clusters of intramembrane 
particles (Fig. 3A and fig. S4B) or by intense 
clustering of gold particles labeling neuroligin-2 
(fig. S4C) or GABA, receptor 83 subunit (fig. 
S4, D and E). The absence of the Nav1.6 subunit 
in GABAergic axo-axonic synapses is another 
feature that is reliably captured with SDS-FRL, 
as well as with double immunofluorescence label- 
ing for Nav1.6 and, for example, the GABA, 
receptor a2 subunit (fig. S4A). Large somatic 
P-face membrane structures in SP contained many 
more gold particles for the Nav1.6 subunit than 
membranes fractured to the extracellular face 
(E-face) (Fig. 4A). A similar picture was ob- 
served on proximal apical dendrites, where P-face 
dendritic shaft membranes contained gold par- 
ticles (Fig. 4, B and C), consistent with our 
fluorescent observations. After the successful 
visualization of high-density Nav1.6 labeling 
in AISs and a much lower density in somata 
and proximal apical dendrites, we turned our 
attention to small dendritic compartments, which 
remained immunonegative even in our best fluo- 
rescence reactions. Dendritic shafts and spines of 
apical oblique dendrites were sampled at proximal 
(25 to 50 um from SP) and distal (100 to 150 um) 
locations in the SR, as well as dendritic shafts in 
SLM. Gold particles were observed on the P-face 
of dendritic shaft membranes in all locations, but 
dendritic spines were consistently immunoneg- 
ative (Fig. 4, C and D). An intrinsic property of 
immunogold localization is that gold particles 
can be found in any location by chance. There- 
fore, the presence of Nav1.6 subunits cannot be 
concluded just from the presence of a few gold 
particles in a given compartment but requires a 
quantitative assessment of whether the particle 
density in a given location is significantly higher 
than that expected from a random process. We 
determined the nonspecific background labeling 
within our reactions by counting gold particles on 
the E-face plasma membranes (where the intra- 
cellular epitope of Nav subunits is not present) 
and found that on average 1.2 + 0.4 gold particles 
(n = 5 rats) are expected to be present in every 
um? membrane by chance (fig. S5). We then 
determined the density of gold particles labeling 
the Nav1.6 subunit on P-face plasma membranes 
of somata [6.3 + 1.8 gold/um? (mean + SD); n= 
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Fig. 3. High-resolution immunogold localization of the Nav1.6 subunit in AlSs and nodes of Ranvier of 
CA1 PCs. (A) A high density of gold particles labeling the Nav1.6 subunit is found on the P-face of an AIS 
in the stratum pyramidale. The immunogold particles avoided the area of the postsynaptic density (PSD) 
of an axo-axonic synapse. (B) An AIS is colabeled for the Nav1.6 subunit (15 nm gold) and the AIS marker 
pan-Neurofascin (10 nm gold). (C) A high-magnification view of the boxed area shown in (B). (D) High- 
magnification image of the P-face of an AIS labeled for the Nav1.6 subunit (15 nm gold) and Ankyrin-G 
(10 nm gold). (E) A low-magnification image shows a node of Ranvier (R) of a myelinated axon (m) in the 
alveus. (F) A high-magnification view of the node of Ranvier shown in (E). The P-face of the node of 
Ranvier membrane contains a high density of gold particles labeling the Nav1.6 subunit. Note the lack of 
labeling over the myelin [(E) and (F)]. (G) A gradual increase in the intensity of Nav1.6 
immunofluorescence is found along the proximodistal axis of CA1 PC AlSs. (H) A low-magnification 
image of a replica shows a fragment of a somatic plasma membrane and an emerging AIS (red). (I to L) 
High-magnification images of the boxed areas shown in (H). Images taken of the soma (L) and of the AIS 
at various distances from the soma [(I) to (K)] demonstrate an increase in the density of gold particles 
labeling the Nav1.6 subunit along the proximodistal axis of the AIS (I). Scale bars: (A), (B), and (F), 200 
nm; (C), (D), and (1) to (L), 100 nm; (E), 500 nm; (G), 5 jm; (H), 1 um. 


5 rats], proximal apical dendrites (6.5 + 1.5 
gold/um”), proximal oblique dendrites (4.6 + 
1.4 gold/um?), distal apical dendrites (3.5 + 1.4 
gold/um’), distal oblique dendrites (3.0 + 1.7 
gold/um7), and dendrites in SLM (2.1 + 0.6 
gold/um’). Of these, somata, proximal apical, 
proximal oblique, and distal apical dendrites dis- 
played a significantly higher density of gold 
particles than the background labeling (Fig. 4B) 
[one-way analysis of variance (ANOVA) with 


Dunnett’s post-hoc test, P < 0.05]. Thus, the 
exceptionally high sensitivity of the SDS-FRL 
method allowed us to reveal low, but significant, 
densities of the Nav1.6 subunit in these dendritic 
compartments, which remained immunonegative 
with the immunofluorescence method. Along these 
lines, it should be noted that the presence of low 
densities of other Nav subunits (e.g., Nav1.2) 
in somatodendritic compartments cannot be ex- 
cluded based on immunofluorescence data only, 
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Fig. 4. Somatodendritic localiza- 
tion of the Nav1.6 subunit in CA1 
PCs using SDS-FRL. (A) Low density 
of gold particles labeling the Nav1.6 
subunit is found on the P-face of 
the somatic plasma membrane of 
a CA1 PC. No immunolabeling is 
seen on the E-face of a neighboring 


2 


PC soma. (B) Low-magnification BS) )' 
image of the P-face of a thick, =e i 
spiny apical dendrite (d) of aCAL = 

(ee 


PC in the proximal stratum radia- 
tum labeled for the Nav1.6 subunit. 
Bar graphs show the densities of — @ 
gold particles (mean + SD) in fy 
somatodendritic subcellular com- 
partments of CA1 PCs, some of 
which differ significantly from the | 
nonspecific labeling (ANOVA: P< 
0.001; Dunnett’s post hoc test: [| 
soma, proximal apical dendrites, 4% 

proximal oblique dendrites, distal < 
apical dendrites; P < 0.05;n =5 
rats). (C) A high-magnification im- 
age of the boxed area shown in (B). 
Gold particles labeling the Nav1.6 
subunit are distributed on the den- 
dritic shaft (d) but avoid the den- 
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dritic spine (sp). (D) The P-face of a spiny oblique dendrite (Obl. d) in the proximal stratum radiatum 
contains a low density of gold particles for the Nav1.6 subunit (arrows), with no particle in the spine (sp). 


Scale bars: (B), 1 4m; (A), (C), and (D), 200 nm. 


but highly sensitive reactions must be accom- 
plished with SDS-FRL to unequivocally determine 
their presence or absence in identified subcellular 
compartments. Finally, we compared the Nav1.6 
subunit density in somatodendritic compartments 
to that found in AISs and nodes of Ranvier. Nodes 
of Ranvier in the alveus were very strongly 
immunolabeled for the Nav1.6 subunit (Fig. 3, E 
and F), containing immunogold particles at 
almost twice the density of that observed in AISs 
(346.3 + 82.9 versus 186.9 + 29.9 gold/um’). The 
AISs contained densities of gold particles that 
were 39 + 9 and 36 + 6 times as high as those in 
somata and proximal apical dendrites, respec- 
tively. These ratios are very similar to those esti- 
mated (29) for neocortical layer 5 PCs using 
whole-cell Nav current recordings (a factor of 
~45) and Na” imaging (a factor of ~30). When 
dendritic compartments at the same distance 
from the soma were compared, we found that 
oblique dendrites contain less Nav1.6 subunit 
than main apical dendrites. There was also a clear 
tendency for a distance-dependent reduction in 
the density of gold particles along the proximo- 
distal axis of the dendritic tree (Fig. 4B). We 
could not detect immunogold particles labeling 
the Nav1.6 subunit above the background level 
in preterminal axons, axon terminals, or dendritic 
spines. 

Using an improved immunofluorescence 
method and SDS-FRL, we identify Nav1.6 as 
the prominent somatodendritic Nav channel 
subunit in hippocampal PCs. Using SDS-FRL, 
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we demonstrate a characteristic subcellular dis- 
tribution pattern of the Nav1.6 subunit on the 
axosomatodendritic compartments of PCs, re- 
vealing a very dramatic drop (by a factor of 40 
to 70) in density from nodes of Ranvier and 
AISs to somata, and a distance-dependent de- 
crease in density along the proximodistal axis of 
the dendritic tree. By exploiting the exquisite sen- 
sitivity of the SDS-FRL method, we obtained a gold 
particle density for the Nav1.6 subunit of 187 + 30 
(gold/um7) in AISs of CAI PCs. A previous study 
(29) using in vitro electrophysiology, Na’ imag- 
ing, and multicompartmental modeling estimated 
a conductance density of Nav channels in 
neocortical layer 5 PC AISs of 2500 pS/um’; 
given a 17-pS single-channel conductance, this 
predicts a functional channel density of ~150 
channels per jum*. If CAl PCs have an AIS Nav 
channel density similar to layer 5 PCs, we can 
conclude that the labeling efficiency of our SDS- 
FRL method is close to 100%, similar to that 
obtained for synaptic AMPA receptors (30). Given 
this estimated labeling efficiency, our results 
predict a Nav channel density (channels per pum? 
plasma membrane) of 5 in somata and proximal 
apical dendrites, 3 in proximal oblique dendrites, 
and 2 in distal apical dendrites. The differences in 
the density of Nav1.6 in somatic and dendritic 
compartments represent only one level of com- 
plexity. Additional compartment-dependent varia- 
tions in, for example, the phosphorylation states of 
the channels (/2) could further increase functional 
diversity. Our results demonstrate that Nav 1.6 is 
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the main Nav subunit in the somatodendritic com- 
partments of CA1 PCs, whereas both Nav1.6 and 
Nav1.2 subunits are present in AISs (/7). It remains 
to be determined whether the axosomatic difference 
in the subunit composition of Nav channels is 
solely responsible for the reported differences in 
activation threshold or whether additional differ- 
ential regulation of axonal versus somatic Nav 
channels also exists. Irrespective of that, our data 
support the view that the large axonal Nav chan- 
nel density is primarily responsible for the fact that 
the axon has the lowest voltage threshold for gen- 
erating action potentials (32). 
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Clinical malaria is associated with the proliferation of Plasmodium parasites in human erythrocytes. The 
coordinated processes of parasite egress from and invasion into erythrocytes are rapid and tightly 
regulated. We have found that the plant-like calcium-dependent protein kinase PfCDPK5, which is 
expressed in invasive merozoite forms of Plasmodium falciparum, was critical for egress. Parasites 
deficient in PfCDPK5 arrested as mature schizonts with intact membranes, despite normal maturation of 
egress proteases and invasion ligands. Merozoites physically released from stalled schizonts were 
capable of invading new erythrocytes, separating the pathways of egress and invasion. The arrest was 
downstream of cyclic guanosine monophosphate—dependent protein kinase (PfPKG) function and 
independent of protease processing. Thus, PfCDPK5 plays an essential role during the blood stage of 


stabilized in its presence (Fig. 1C). We geneti- 
cally fused DD;y, a strongly destabilizing DD 
derivative (/6) to the C terminus of PfCDPK5, 
generating the D10-Pf{CDPK5-DD;,, and D10- 
PfCDPK5-HA-DD+, parasite lines (fig. S2), 
which expressed Pf{CDPKS in schizonts (Fig. 1D). 
PfCDPKS has potential palmitoylation sites but 
no myristoylation site like its paralog PfCDPK1 
(17). Carbonate extraction, which separates sol- 
uble from membrane-associated proteins, showed 
that PfCDPKS5 was associated with parasite 
membranes (Fig. 1E). This may be important for 
maintaining the kinase in close proximity to its 
substrate(s). 

Newly invaded ring-stage D10-PfCDPK5- 
DDrm and D10-PfCDPK5-HA-DD +, parasites 
were maintained in the presence or absence of 
Shld1 until the mature schizont stage. PfCDPK5 
levels were decreased ~60 to 80% in the absence 
of Shld1 (Fig. 1F) in the detergent-insoluble frac- 
tion. To evaluate the requirement for PfCDPKS for 
P. falciparum growth, we examined replication 


malaria replication. 


lasmodium falciparum malaria remains a 
P leading cause of morbidity and mortal- 

ity worldwide, and resistance to existing anti- 
malarials is a growing problem. Signal transduction 
plays a major role in key transitions of the par- 
asite life cycle. Calcium is thought to be a reg- 
ulator of parasite egress from and invasion into 
host cells. Multiple calctum-dependent protein 
kinases (CDPKs), a subfamily absent from the 
human genome, have been identified in apicom- 
plexan organisms (/—8). 

The Pf{CDPKS gene (PF13_0211) is tran- 
scribed in mature blood-stage schizonts and in- 
vasive merozoites (9), suggesting a role in egress 
and/or erythrocyte invasion (fig. S1). Pf{CDPK5 
exhibits a canonical multidomain structure with 
a serine/threonine kinase domain followed by a 
C-terminal calmodulin-like domain comprising 
four Ca?*-binding EF hands (Fig. 1A) (10). This 
structure is predicted to facilitate rapid kinase 
activation after locally increased Ca** concen- 
tration. Recombinant PfCDPK5 phosphoryl- 
ated an artificial target protein in the presence 
of Ca”*, and this was inhibited by the calcium 
chelator EGTA, demonstrating that PfCDPK5 
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rates of D10-PfCDPK5-DD+y, parasites in the 
presence and absence of Shld1 (Fig. 1G). As a 
control, we created parasites with DD fused to 
PfCDPK4 (D10-PfCDPK4-DD7),), a paralog not 
essential for asexual replication (/, 6). Without 
Shld1, the D10-PfCDPK5-DD py, parasites failed 
to proliferate, demonstrating that Pf{CDPKS is es- 
sential. In contrast, D10-PfCDPK4-DD +, para- 
sites grew normally in the absence of Shld1, 
despite a >90% drop in Pf{CDPK4 levels (fig. 


is a bona fide CDPK (Fig. 1B) (//). In the ab- 
sence of substrate, recombinant PfCDPK5 
autophosphorylated. 

We used the destabilizing domain (DD) 
system to regulate the level of PfCDPK5 ex- 
pression in P. falciparum (12-15). DD-fusion 
proteins are expected to be rapidly degraded 
in the absence of the ligand Shield-1 (Shld1) and 
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Fig. 1. PfCDPKS is an essential calcium-dependent 
protein kinase. (A) Schematic of PfCDPK5. Scale bar, 
100 amino acids. (B) Recombinant GST-PfCDPK5- 
6His (94 kD) was incubated with or without substrate (myelin basic protein, 18 kD), with 1.1 mM Ca?* or 
1 mM EGTA, and ?“P-g-ATP. In the presence of Ca**, PFCDPK5 phosphorylates itself (double arrowhead) and 
substrate (arrowhead). (C) P(CDPK5 fused to DD, is targeted for degradation but is stabilized by Shld1. (D) 
Protein lysates from D10-PfCDPK5-HA-DDyy ring (0 to 20 hours), trophozoite (20 to 36 hours), and schizont- 
stage (36 to 48 hours) parasites cultured with Shld1 and probed with antibody to hemagglutinin (HA) 
(PfCDPK5), or antibody to histone H3 (loading control). (E) NazCO3-extracted schizonts were probed with 
antibody to PfLDH (cytoplasmic fraction), antibody to Pf(AMA1 (membrane fraction), or antibody to HA. (F) 
D10-PfCDPK5-HA-DD; parasites were grown [+] or [-] Shld1 until 44 hours, incubated with E-64 for 10 
hours, harvested, fractionated with 0.6% NP-40, and probed with antibody to HA and antibody to histone 
H3. (G) Representative replication curves. D10-PfCDPK5-DD;,, and D10-PfCDPK4-DD;y parasites were 
cultured [+] and [-] Shld1. 
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$3). D10-PfCDPK5-DD rm parasitemia levels 
remained <0.2% for >10 days after Shid1 
removal. However, after 10 to 12 days, a Shld1- 
independent revertant population emerged 
(D10-PfCDPKS-DDyy,-Rev) (fig. S4A), with a 


A Time: 6(+/-2) h 


26(+/-2) h 


(post-invasion) 


+ Shid1 (PfCDPK5 
stabilized) 


(20-36 h) 
Schizonts 
(36-48 h) 


- Shid1 (Pf{CDPK5 
degraded) 


0.25 um 


Schizont 


concomitant genomic alteration at the Pf/CDPKS 
locus (fig. S2B). We generated PfCDPK5-deficient 
parasites in the 3D7 strain, demonstrating a sim- 
ilar arrest in proliferation in a different strain of 
P. falciparum (fig. S4B). 
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Fig. 2. PfCDPK5-deficient parasite arrest 
before egress. (A) Light microscopy of 
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synchronized D10-PfCDPK5-DD;,, parasites grown [+] or [-] Shld1 at indicated h.p.i. Pie charts show 
relative proportions of rings, trophozoites, and schizonts (NV = 100). (B) D10-PfCDPK5-DD; parasites were 
grown [-]Shld1 until 56 h.p.i. and visualized by electron microscopy. The erythrocyte PM (black triangle), 
PVM (white triangle), and the parasite PM (gray triangle) were intact. (C) Ring-stage D10-PfCDPK5-DDyy 
parasites were grown [+] or [—] Shld1 until 48 h.p.i. In parallel [-JShld1 cultures, Shld1 was added back at 
the indicated times (49, 52, and 56 h.p.i.). Rings and schizonts were counted 4 hours later (mean + SD; 
N = 4). (D) RNA expression patterns from 3D7-Pf{CDPK5-DD; parasites at 48 h.p.i. [+] and [-] Shld1 
and 54 h.p.i. [-]Shld1. Logz-transformed expression pattern shown for 15 late schizont-stage and 15 early 


ring-stage genes. 
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DD;m parasites were grown [+] and [—] Shld1, 


harvested by Percoll-purification at 48 h.p.i., and analyzed by Western blot with antibody to PfSUB1, 
antibody to PfSERAS5, and antibody to PfMSP1,2. (B) D10-PfCDPK5-DD;, parasites were grown until 
48 h.p.i. ([+]/[-] 0.5 wM Shld1, [+]/[-] 4 uM compound 1). Subsets of parasites were sheared through 
a 28 G needle. Ring parasitemia was determined 4 hours later. Mean + SD (or data range); NV = 2 to 7; 


*, P< 0.05, unpaired t test. 
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Morphological analysis over the 48-hour 
blood-stage asexual cycle (Fig. 2A) revealed 
healthy rings 6 + 2 hours post-invasion (h.p.i.) 
and trophozoites 26 + 2 h.p.i., irrespective of the 
presence of Shldl. At 48 + 2 h.p.i., schizonts 
were observed both with [+] and without [-] 
Shld1. New rings were observed in the presence 
of Shld1 but were >95% reduced in the [-]Shld1 
cultures. Eight hours later, the majority of [+]Shld1 
parasites had reinvaded to form rings, but the 
([—]Shld1 parasites, deficient for PfCDPKS, re- 
mained stalled as late schizonts, with a >90% 
reduction in new ring formation. Thus, PfCDPK5 
plays an essential role in parasite proliferation 
and egress from the erythrocyte. Functional 
knockout of PfCDPKS did not affect the number 
of merozoites per schizont (fig. $5). Arrested 
schizonts were ultrastructurally normal, and the 
erythrocyte plasma membrane (PM), parasito- 
phorous vacuole membrane (PVM), and parasite 
PM were intact (Fig. 2B). The block thus oc- 
curred after schizont differentiation but before 
PVM rupture. 

To determine whether Pf{CDPK5-deficient 
schizonts had undergone aberrant differentiation 
or were irreversibly prevented from egress and/or 
invasion, we performed Shld1 rescue experi- 
ments (Fig. 2C). Upon observation of reinvaded 
rings in the [+]Shld1 parasites (48 h.p.i.), we 
allowed parallel [-]Shld1 parasites to incubate 
for an additional 1, 4, or 8 hours before adding 
back Shld1; new ring formation and levels of 
nonruptured schizonts were measured 4 hours 
after the addition of Shld1. Newly invaded rings 
were observed, albeit at lower levels, even in 
parasites that had been PfCDPK5-deficient for 52 
h.p.i. and 56 h.p.i. Thus, PfCDPK5-deficient ar- 
rested schizonts had differentiated normally and 
retained the ability to egress and reinvade. Gene 
expression profiles in PfCDPK5-deficient pa- 
rasites at 46 + 2 h.p.i. correlated most closely 
with the expression pattern for late schizonts 
(r = 0.83) (9). Focusing on a subset of 30 dif- 
ferentially expressed genes between late schizonts 
and early rings, the expression pattern of the ar- 
rested parasites progressed toward the early ring 
phenotype (Fig. 2D and data file S1). 

Recent studies have identified a parasite 
protease cascade required for egress from erythro- 
cytes (/8, 79) and maturation of merozoite sur- 
face proteins. PfSUB1, released from specialized 
secretory organelles called exonemes, cleaves 
several proteins, including the protease PLSERAS 
and the invasion ligand merozoite surface protein 
1 (PfMSP1) (79, 20). In our egress-blocked para- 
sites, processing of PfSUB1 (mature form, ~47 kD), 
PfSERAS (mature form, ~50 kD), and Pf{MSP1 
(mature form, ~42 kD) were all unaffected (Fig. 
3A), and in the PfCDPK5-deficient arrested par- 
asites, PfSUB1 discharge and enzyme activity 
were unaffected. Although PfSERAS processing 
is necessary for parasite egress, it is not sufficient. 
PfCDPKS5 mediates a separate and downstream 
signal to the protease cascade required for par- 
asite egress. 
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Selective inhibition of the cyclic guanosine 
monophosphate (CGMP)-dependent kinase PfPKG 
with 4-[2-(fluorphenyl)-5-(1-methylpiperidine-4- 
yl)-1H7 pyrrol-3-yl|pyridine (compound 1) blocks 
egress (2/). Treatment of schizonts with compound 
1 inhibited processing of Pf{MSP1 by PfSUB1 
(fig. S6A). However, compound 1 did not inhibit 
PfSUB1 enzyme activity directly (fig. S6B), sug- 
gesting that compound 1| treatment interferes with 
access of Pf{SUB1 to its endogenous substrates, 
perhaps by preventing exoneme discharge. 

To determine whether PfCDPK5-deficient 
merozoites are capable of erythrocyte invasion, 
we mechanically disrupted arrested schizonts by 
needle-shearing. Newly invaded rings were ob- 
served at a significantly higher rate in the sheared 
cultures compared with unsheared controls (Fig. 
3B). Thus, the egress trigger may be distinct from 
the erythrocyte invasion trigger. Isolation of 
viable PfCDPK5-deficient merozoites provides 
a valuable source for studies of erythrocyte 
invasion. In contrast to the invasion-competent 
PfCDPKS-deficient merozoites, mechanically 
disrupted compound 1-treated parasites did not 
generate newly invaded rings (Fig. 3B), consistent 
with these parasites being blocked at an earlier step. 

We propose a modified model of P. falcipa- 
rum egress from erythrocytes (fig. S7). The protease 


cascade is necessary but not sufficient for parasite 
egress. After an egress trigger, a transient increase 
in Ca”* concentration activates PRCDPK5 to am- 
plify and transmit the signal for parasite egress. 
The final stages of PVM and erythrocyte PM rup- 
ture probably involve molecules downstream of 
PfCDPKS activation, such as perforin-like pro- 
teins, membrane channels, and/or proteases (22, 23). 
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Small RNA Duplexes Function as 
Mobile Silencing Signals Between 


Plant Cells 
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James C. Carrington,” Olivier Voinnet** 


In the plant RNA interference (RNAi) pathway, 21-nucleotide duplexes of small interfering RNA (siRNA) 
are processed from longer double-stranded RNA precursors by the RNaselll Dicer-like 4 (DCL4). 
Single-stranded siRNAs then guide Argonaute 1 (AGO1) to execute posttranscriptional silencing of 
complementary target RNAs. RNAi is not cell-autonomous in higher plants, but the nature of the mobile 
nucleic acid(s) signal remains unknown. Using cell-specific rescue of DCL4 function and cell-specific 
inhibition of RNAi movement, we genetically establish that exogenous and endogenous siRNAs, as 
opposed to their precursor molecules, act as mobile silencing signals between plant cells. We further 
demonstrate physical movement of mechanically delivered, labeled siRNA duplexes that functionally 
recapitulate transgenic RNAi spread. Cell-to-cell movement is unlikely to involve AGO1-bound 

siRNA single strands, but instead likely involves siRNA duplexes. 


n plants, RNAi spreads over long distances 
through the vasculature and from cell to cell 
presumably via plasmodesmata, owing to 
mobile nucleic acid-based signals (/, 2). Plant 
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cell-to-cell RNAi movement has defensive and 
developmental roles: The spread of viral-derived 
silencing signals probably immunizes surround- 
ing naive cells (3), whereas movement of silenc- 
ing signals from endogenous TRANS-ACTING 
siRNA (TAS) (siRNA, small interfering RNA) 
loci might generate target gene-expression gra- 
dients allowing organ polarization (4, 5). Move- 
ment of small RNA is also suspected to account for 
epigenetic reprogramming between pollen nu- 
clei (6). Both viruses and 74S loci produce long 
double-stranded RNA (dsRNA) precursors, sub- 
sequently converted into siRNAs by Dicer-like 4 


(DCL4), one of four Arabidopsis Dicer-like pro- 
teins (3, 7). Although DCL4-dependent siRNAs 
are popular candidates as cell-to-cell RNAi sig- 
naling molecules (5, 8), a role for their precursors, 
including long dsRNA, cannot be excluded. Con- 
sequently, the nature of the mobile, silencing 
nucleic acid(s) remains unknown (9). 

In the experimental SUC:SUL Arabidopsis 
system, a long-dsRNA-producing transgene is 
expressed under the phloem-companion cell- 
specific promoter, SUC2 (8). This triggers non— 
cell-autonomous RNAi of the ubiquitously ex- 
pressed endogenous SULFUR (SUL) mRNA, 
generating a leaf chlorotic phenotype that expands 
10 to 15 cells beyond the vasculature (Fig. 1A). 
The SUL dsRNA is processed into DCL4- 
dependent 21-nucleotide (nt) and DCL3- 
dependent 24-nt siRNAs, which are, respectively, 
mandatory and dispensable for the manifestation 
of SUL-silencing movement (Fig. 1B) (8). To 
uncover the SUL-silencing signal’s identity we 
used the viral silencing suppressor P19, which 
specifically sequesters 21—base pair (bp) siRNA 
duplexes, but not their long-dsRNA precursor 
(10). A SUC:P/9 transgene was introduced into 
SUC:SUL plants. Highly expressing lines displayed 
no SUL-silencing movement, whereas movement 
remained unaltered in low-expressing lines 
(Fig. 1A). As expected, both high and low P19 
lines accumulated similar amounts of each SUL 
siRNA species, as found in SUC:SUL reference 
plants (Fig. 1, A and B). Immunoprecipitation 
analyses using transgenic lines expressing differ- 
ent levels of epitope-tagged P19 (SUC:P/9HA) 
revealed that SUL-silencing suppression was 
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correlated with the extent to which 21-nt SUL 
siRNAs were sequestered by P19 (Fig. 1, C to 
E). Immunostaining in SUC:P/9HA plants and 
immunofluorescence analyses carried out in inde- 
pendently generated SUC:SUL2/SUC:P19HA lines 
confirmed that P19HA accumulation is strictly con- 
fined within phloem-companion cells (Fig. 1F and 
fig. S1). The strict cell autonomy of P19 was further 
confirmed by analysis of independent transgenics 
in which the protein was driven under a mesophyll- 
specific promoter (fig. S1). We conclude that sup- 
pression of cell-to-cell SUL-silencing movement 
relies on the dose-dependent and cell-autonomous 
capacity of P19 to specifically sequester DCL4- 
dependent 21-bp SUL siRNAs in silencing- 
incipient cells. Similar conclusions were drawn 
using SUC:SUL plants expressing companion-cell— 
specific P21, a distinct silencing suppressor that, 
like P19, sequesters 21-nt siRNA (fig. S2) (//). 
As a second approach to unravel the signal’s 
identity, we investigated cell-type—specific re- 
quirements for DCL4 in the SUL-silencing 
movement process. A requirement for DCL4 in 
incipient, dsRNA-producing companion-cells, 
but not in recipient cells, would support move- 
ment of an siRNA signal (9). A DCL4 genomic 
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fragment was cloned under the SUC2 promoter 
(SUC:DCL4) and transformed into SUC:SUL 
plants carrying a dcl4-2 null mutation. Without a 
DCL4 transgene, dc/4-2 plants lack 21-nt SUL 
siRNAs and, accordingly, display no SUL- 
silencing movement (Fig. 2, A and B). Lack of 
DCL4 results in aberrant processing of endoge- 
nous 7AS precursors into nonfunctional, 22-nt- 
long siRNAs by DCL2 (Fig. 2B). Consequently, 
leaves ectopically accumulate high levels of 
trans-acting siRNA (tasiRNA) targets, including 
AUXIN RESPONSE FACTOR 3 (ARF3) tran- 
scripts, which normally undergo TAS3 tasiRNA- 
dependent non—cell-autonomous RNAi over 
several leaf-primordia cell layers (Fig. 2C) (4, 5). 
DCL4 expression was detected in nearly all inde- 
pendently generated SUC:DCL4/SUC:SUL/dcl4 
transgenic lines (fig. S3), and in those lines, 21-nt 
SUL siRNA accumulation was fully rescued 
(Fig. 2B). Companion-cell-restricted DCL4 ex- 
pression also rescued full SUL-silencing movement 
(Fig. 2A). This result suggests that movement 
of SUL long dsRNA, if any, cannot account 
for the SUL-silencing phenotype. Furthermore, 
21-nt-long tasiRNA production was also restored 
in leaves, as was down-regulation of ARF3 and 
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other endogenous tasiRNA targets (Fig. 2, B 
and C). Consistent with this finding, leaf expres- 
sion of Argonaute 7 (AGO7), a limiting factor 
in the Z4S3 pathway, is restricted to the vascula- 
ture and cells near the abaxial surface (/2). Col- 
lectively, these data indicate that 21-nt siRNAs 
account for cell-to-cell movement of exogenous, 
and possibly endogenous, DCL4-dependent RNAi. 

SUL-silencing requires the specific loading of 
21-nt SUL siRNA guide strands into AGO1 (8), 
1 of 10 Arabidopsis AGO proteins that also effects 
posttranscriptional silencing with endogenous 
microRNAs (miRNAs) and tasiRNAs (/3). 
Therefore, we investigated whether 21-nt siRNAs 
move between cells in association with AGO1. 
AGOI1 immunoprecipitation experiments con- 
ducted in independent SUC:SUL lines expressing 
the SUC:P19HA or SUC:P/9 transgenes showed 
that approximately half of the 21-nt SUL siRNA 
pool is sequestered away from AGO1 by phloem- 
specific P19 (Fig. 3A); this sequestration is suffi- 
cient to prevent SUL-silencing movement (Fig. 1, 
A and C). Similar observations were made in 
SUC:SUE plants expressing SUC:P2/ or SUC:P21HA 
(fig. S2). As the other half of the companion- 
cell-derived 21-nt SUL siRNA remains loaded 
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Fig. 1. Companion-cell—specific P19 expression suppresses cell-to-cell SUL- 
silencing movement in a dose-dependent, cell-autonomous manner. (A) 
Phenotypes of SUC:SUL plants in wild-type (WT) SUC:P19 high- (lines #4 and 
#10) or low-expressing (line #9) transgenics. (B) Northern analysis of P19 
mRNA, SUL siRNAs, and miR159 in plants depicted in (A). SS, SUC:SUL, mvt, 
silencing movement observed; rRNA, ribsomal RNA. (C) Phenotypes of 
high— (#68) and low—SUC:P19HA-expressing (#55) SUC:SUL transgenics. 
(D) Western and Northern analysis of P19HA (top) and SUL siRNAs (bottom), 


respectively, in plants depicted in (C). (E) HA epitope—specific immuno- 
precipitation in SUC:SUL reference plants or in high— and low—SUC:P19HA-expressing SUC:SUL transgenics. Total RNA was extracted from immunoprecipitates 
(IPs), and low—molecular-weight RNA was subjected to Northern analysis (top). P19HA immunoprecipitation was confirmed by protein blot analysis (bottom). (F) 
P19HA immunolocalization (Alexa-Fluor488) in transverse sections of SUC:P19HA-expressing SUC:SUL transgenics. Plants expressing a SUC:GUSHA transgene 
provide a positive control for companion-cell immunolabeling retention. Cell walls were stained with fluorescent brightener 28. Xy, Xylem; Ph, Phloem; M, 
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into AGO] (Fig. 3A), it is unlikely that siRNAs 
move from cell to cell in an AGO1-bound form. 
Furthermore, AGO1-bound siRNA movement 
would entail movement of AGO] itself. To address 
this issue, a SUC2-driven, functional epitope- 


tagged AGO] allele (SUC:FLAG-AGO1) (14) was 
transformed into SUC:SUL plants carrying either 
the ago1-12 or agol-27 hypomorphic mutations, 
both of which prevent SUL-silencing movement 
with minimal or no effect on SUL siRNA pro- 
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Fig. 2. Companion-cell—specific DCL4 expression in SUC:SUL/dcl4 mutants restores 21-nt SUL siRNA and 
tasiRNA accumulation, cell-to-cell SUL-silencing movement, and tasiRNA target down-regulation. (A) SUL- 
silencing phenotype in WT, dcl4, and SUC:DCL4/dcl4 transgenic plants. (B) Northern analysis of SUL 
siRNAs, miR159, TAS1 siRNA255, and TAS3 tasiRNAs in WT, dcl4, and independent SUC:DCL4/dcl4 
transgenics (#9, #11, #12). (C) Quantitative reverse transcription polymerase chain reaction analysis of 
endogenous TAS1 siRNA255 (At5g18040) and TAS3 tasiRNA (ARF3) target mRNA accumulation. ARF17 
mRNA (miR160 target) was used as a nonaffected control. cDNA inputs were normalized to Actin2 mRNA; 
expression ratios are relative to levels in the SUC:SUL parental line. Data are displayed as averages + SD 
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duction (Fig. 3, B and D, and fig. S4) (8, 75). 
Of the five lines inspected, none recovered the 
SUL-silencing movement phenotype (Fig. 3B 
and fig. S4), despite FLAG-AGO1 being appro- 
priately loaded with the 21-nt SUL siRNAs and 
with endogenous miRNAs (Fig. 3, C and D, and 
fig. S4). We conclude that AGO] is required cell- 
autonomously for the execution of RNAi in 
incipient and recipient cells. Therefore, DCL4- 
dependent siRNAs are unlikely to move between 
cells bound to AGOL. 

Next, we performed experiments to directly 
monitor siRNA movement in plants. We used 
particle bombardment to mechanically deliver 
various RNAi trigger molecules into XD216 
transgenic seedlings. XD216 contains a consti- 
tutively expressed GREEN FLUORESCENT 
PROTEIN (GFP) transgene in an sde//rdr6 null 
mutant background (/6). This mutation ensures 
that any silencing events monitored in XD216 are 
attributable to the bombarded material, as opposed 
to endogenously amplified and RDR6-dependent 
secondary silencing events (fig. S5) (/6). Bom- 
bardment of in vitro transcribed and preannealed 
GFP-derived dsRNA consistently triggered GFP 
silencing: Four days post-bombardment (dpb), it 
was manifested as foci, 10 to 15 cells in diam- 
eter, that did not expand any further (Fig. 4A). 
The same observation was made by bom- 
barding a mix of three chemically synthesized, 
21-bp GFP siRNA duplexes (Fig. 4B), but not 
by bombarding siRNAs or dsRNA with GFP- 
unrelated sequences. Bombarding particles co- 
coated with a GUS-reporter gene plasmid confirmed 
that silencing foci resulted from bona fide GFP- 
silencing movement radiating from primarily 
delivered, individual cells or small groups of 
cells (Fig. 4, C and D). The GFP-silencing— 
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movement process was recapitulated upon bom- 
bardment of individual siRNA duplexes (Fig. 4, 
E and F), but not with single-stranded guide or 
passenger strands (fig. S5). Moreover, those 
chemically synthesized siRNA duplexes were 
faithfully and functionally sorted into cognate 
AGO effector complexes in bombarded and, 
presumably, surrounding cells (fig. S5). 

To test if GFP-silencing foci in XD216 
resulted from direct cell-to-cell movement of 
the bombarded siRNAs, the passenger-stand in 
the siRNA 6768 duplex was covalently labeled 
at its 3’ end with the fluorophore ALEXA555 
(17). One hour pb (hpb), the fluorescence was 
typically concentrated in single cells, or small 
groups of cells (Fig. 4G), but by 4 hpb, it had 
radiated from the initially delivered area into 
the surrounding cells, a pattern unchanged at 
20 hpb and beyond (Fig. 4, H to K). This pattern 
was unlikely to result from movement of free 
fluorophore or partially digested siRNAs, as 
the residual fluorescence was precisely super- 


imposed over GFP-silencing foci in many areas 
of bombarded leaves at 4 dpb (Fig. 4, L and M, 
and fig. S5). The most straightforward interpre- 
tation of these results is that labeled siRNA 6768 
had moved from the bombarded cells to the adja- 
cent 10 to 15 cells and triggered RNAi. Bombard- 
ing the siRNA 6768 duplex with a 3’ end-labeled 
guide strand also triggered movement, but GFP- 
silencing efficacy was reduced, presumably 
because the ALEXA555 dye prevents optimal 
loading of guide strands into AGOs. Occasion- 
ally, labeled siRNAs reached the vascular system 
during the cell-to-cell movement process (Fig. 4, 
N to P). Moreover, singly bombarded phloem 
cells could clearly transmit siRNAs to adjacent 
cells within vascular bundles (Fig. 4, Q and R), 
suggesting that siRNAs may also act as phloem- 
transported signals for long-distance silencing in 
Arabidopsis (18, 19). 

We have provided genetic evidence that 
siRNAs are necessary for mobile silencing, while 
the bombardment experiments show that they are 


20hpb 


Fig. 4. Bombarded siRNAs trigger GFP silencing and move from cell to cell. (A and B) GFP-silencing 
foci on XD216 leaves triggered by GFP-derived dsRNA or a mix of three independent, chemically 
synthesized siRNAs duplexes. (C and D) An XD216 leaf cobombarded with GFP-targeting siRNA and 
GUS-expressing plasmid. GFP silencing is visible at 4 dpb (C). GUS staining was done at 4 dpb (D). (E 
and F) GFP-silencing foci on XD216 triggered by single GFP-targeting siRNA duplex 6768 or 6970. (G 
and H) Arabidopsis Col-0 leaf bombarded with ALEXA555-labeled siRNA 6768 at 1 hpb (G) and 20 hpb 
(H). (I to K) Same as in (G) and (H) at 1 hpb (1), 4 hpb (J), and 20 hpb (K) on turnip leaves. (L and M) 
Coincidence of ALEXA555-labeled siRNA 6768 (L) and GFP silencing (M) on XD216 at 4 dpb. (N and P) 
Bombarded Col-0 leaf at 1 hpb (N), 8 hpb (0), 20 hpb (P) showing that ALEXA555-labeled siRNA 6768 
reaches the vascular system (v). (Q and R) Movement of ALEXA555-labeled siRNA 6768 within the 
vascular bundle at 1 hpb (Q) and 4 hpb (R). Scale bars: 500 um for (G), (H), (N), (0), and (P); 100 um 


for (I), (J), and (K); 200 um for (Q) and (R). 
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also sufficient for this process. We conclude, 
therefore, that siRNAs act as silencing signals 
between plant cells and, possibly, over long 
distances (/9). Although their exact mobile form 
(that is, protein-bound versus free molecules) 
awaits further characterization, duplexes, as op- 
posed to single strands, are likely involved. Indeed, 
movement occurred with preannealed siRNA du- 
plexes containing either a labeled passenger strand 
or a labeled guide strand. The former is rapidly 
turned over upon strand separation (20), whereas 
guide single strands are usually unstable unless 
loaded into AGOs (2/); yet AGO1, the effector 
of mobile RNAi, functions cell-autonomously 
(Fig. 3, B to D). Lack of GFP-silencing foci upon 
bombardment of anti-GFP single strands also sup- 
ports movement of siRNAs as duplexes (fig. S5), 
although single strands might be rapidly degraded 
in bombarded cells or might fail to incorporate 
into AGOI in surrounding cells owing to pre- 
requisite strand separation. Movement of 21-bp 
siRNA duplexes between cells and their inhibi- 
tion by viral P19 agree with previous results 
obtained with the P19-producing Cymbidium 
ringspot virus (CymRSV): P19 was dispensable 
for CymRSV accumulation within vascular bun- 
dles. However, its lack prevented further invasion 
of the leaf lamina, which, although virus-free, 
exhibited nucleotide sequence-specific resistance 
to CymRSV owing to the onset and cell-to-cell 
movement of a mobile, virus-induced silencing 
signal (22). In light of the present results, this sig- 
nal must be the DCL4-dependent 21-bp siRNAs 
produced from CymRSV-derived dsRNA. 

Of the 21- and 24-bp siRNA species, we 
studied only the former in this experiment, because 
AGO1-dependent RNAi generates a measurable 
silencing movement phenotype (that is, lack of 
SUL or GFP). Yet, there is no reason to exclude 
mobility of DCL3-dependent 24-nt siRNAs, 
which mediate locus-specific chromatin modifi- 
cations upon loading into AGO4 (/2). Using a 
micrografting procedure, we have obtained evi- 
dence that Arabidopsis endogenous siRNAs of 
all size classes are mobile from cell to cell and 
over long distances (19). Meanwhile, the exper- 
imental system described here now provides a 
handle to dissect the cell biology of siRNA 
movement in plants. 
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Genome-Wide Evolutionary Analysis 
of Eukaryotic DNA Methylation 


Assaf Zemach, Ivy E. McDaniel, Pedro Silva, Daniel Zilberman* 


Eukaryotic cytosine methylation represses transcription but also occurs in the bodies of active 
genes, and the extent of methylation biology conservation is unclear. We quantified DNA 
methylation in 17 eukaryotic genomes and found that gene body methylation is conserved 
between plants and animals, whereas selective methylation of transposons is not. We show that 
methylation of plant transposons in the CHG context extends to green algae and that exclusion of 
histone H2A.Z from methylated DNA is conserved between plants and animals, and we present 
evidence for RNA-directed DNA methylation of fungal genes. Our data demonstrate that extant 
DNA methylation systems are mosaics of conserved and derived features, and indicate that gene 
body methylation is an ancient property of eukaryotic genomes. 


ur knowledge about cytosine methyl- 
()* has been derived mainly from 

four species: humans, mouse, Arabidopsis 
thaliana, and Neurospora crassa (1). Transposons 
and repeats are virtually uniformly methylated 
in all four, which suggests that transposon de- 
fense is an ancient function of methylation (/, 2). 
The expression of imprinted genes is regulated 
by DNA methylation in A. thaliana and mam- 
mals (3), and in both cases the bodies of active 
genes are methylated (4-6). However, these anal- 
ogies do not necessarily imply conservation. 
Regulation of imprinting has evolved indepen- 
dently in mammals and flowering plants (3). 
Many transposons are not methylated in the tu- 
nicate Ciona intestinalis (7), and the transposon- 
rich silk moth (Bombyx mori) genome contains 
low levels of 5-methylcytosine (8), putting into 
question the conservation of transposon methyl- 
ation (9). To understand how eukaryotic DNA 
methylation has evolved, we quantified DNA 
methylation by deep bisulfite sequencing in the 
genomes of five plants, seven animals, and five 
fungi (figs. S1 to S6 and tables S1 to S3). We also 
profiled transcription in these species by deep se- 
quencing of cDNA (/0). The results reveal a 
complex evolutionary history of the DNA meth- 
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ylation pathway and allow us to reconstruct a 
plausible ancestral state. 

Rice (Oryza sativa) is a model monocot that 
contains Dnmtl (CG methyltransferase), Dnmt3 
[de novo methyltransferase responsible for plant 
CHH methylation (H = A, C, or T)], and CMT 
(plant-specific CHG methyltransferase) ortho- 
logs (/) (figs. S1 to S5 and table S4). Our data 
show that CG methylation is lowest from 100 
base pairs (bp) upstream of the transcriptional 
start site (TSS) of rice genes to 500 bp within 
the transcript, plateauing around 1.5 kb after the 
TSS (Fig. 1A). Non-CG methylation is essen- 
tially absent from genes, whereas methylation in 
all contexts is abundant in transposable elements 
(TEs; Fig. 1, A and B), with short TEs par- 
ticularly enriched in CHH methylation (fig. $7). 
Consistent with functioning to repress transcrip- 
tion, gene expression varies inversely with methyl- 
ation of the TSS-proximal region (Fig. 1C). The 
same pattern is present at the 3’ end of genes, 
which suggests that lack of methylation around 
the transcription termination site is also important 
for gene expression (Fig. 1C). Within the gene 
body plateau, rice methylation exhibits a para- 
bolic relationship with transcription: Modestly ex- 
pressed genes are most likely to be methylated, 
whereas genes at either transcriptional extreme are 
least likely to be methylated (Fig. 1C and fig. S8). 
In all salient features, rice methylation patterns 
closely resemble those of A. thaliana (5, 6). 

We examined methylation in two early- 
diverging land plants: Selaginella moellendorffii 


and Physcomitrella patens (fig. S1) (11), both 
possessing Dnmtl, Dnmt3, and CMT orthologs 
(figs. S1 to S5). S. moellendorffii TEs are meth- 
ylated in the CG, CHG, and CHH contexts, but 
unlike the angiosperms, genes have little meth- 
ylation, and there is essentially no methylation 
around the TSS regardless of transcription (Fig. 1, 
D to F, and table S1). P patens methylation 
patterns closely resemble those of S. moellendorffii 
(table S1 and fig. S9) (10). DNA methylation in 
these plants is strictly segregated away from 
genes. 

We analyzed two green algae, Chlorella sp. 
NC64A and Volvox carteri (figs. S1 to $3). Chlo- 
rella has the greatest amount of CG methylation 
of any organism analyzed here (Fig. 1, G to I, 
and table S1): Genes are methylated virtually 
without exception (fig. S10), with a sharp drop 
of methylation at the promoter (Fig. 1G). Pro- 
moter methylation correlates negatively with 
gene expression (Fig. 11), which suggests that 
TSS-proximal methylation represses transcrip- 
tion, as it does in land plants. Although CMT 
genes have thus far been described only in land 
plants (/), Chlorella contains a CMT homolog 
(figs. S1 to S3) and a substantial amount of CHG 
methylation (table $1), which is concentrated 
in repetitive elements and excluded from genes 
(Fig. 1, G to I). The K carteri genome is much 
less methylated exclusively in the CG context, with 
a similar relationship between promoter methyl- 
ation and transcription, and displays preferential 
methylation of TEs (table S1 and fig. S9). 
Methylation of both gene bodies and TEs thus 
appears to be an ancient property of plants. 

The genome of the puffer fish Tetraodon 
nigroviridis is virtually devoid of transposable 
elements (/2), yet we find heavy methylation ex- 
clusively at CG sites, the vast majority of which 
is found in genes, although TEs do show partic- 
ularly dense methylation (Fig. 2, A and B, and 
table S1). Genes exhibit a prominent dip in meth- 
ylation just upstream of the TSS, and reduced 
promoter methylation correlates with enhanced 
expression (Fig. 2A). Gene body methylation 
exhibits the same relationship with transcription 
that exists in A. thaliana and rice—a roughly par- 
abolic curve with the most methylated genes 
around the 70th transcription percentile (fig. S8). 

The similarities between plants and verte- 
brates prompted us to ask whether aspects of the 


14 MAY 2010 VOL 328 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on May 13, 2010 


Genome-Wide Evolutionary Analysis of Eukaryotic 
DNA Methylation 
Assaf Zemach, et al. 


Science 328, 916 (2010); 
MNAAAS DOI: 10.1126/science.1186366 


This copy is for your personal, non-commercial use only. 


Science 


If you wish to distribute this article to others, you can order high-quality copies for your 
colleagues, clients, or customers by clicking here. 


Permission to republish or repurpose articles or portions of articles can be obtained by 
following the guidelines here. 


The following resources related to this article are available online at www.sciencemag.org 
(this information is current as of May 13, 2010 ): 


Updated information and services, including high-resolution figures, can be found in the online 
version of this article at: 
http://www.sciencemag.org/cgi/content/full/828/5980/916 


Supporting Online Material can be found at: 
http://www.sciencemag.org/cgi/content/full/science.1186366/DC1 


This article cites 15 articles, 3 of which can be accessed for free: 
http://www.sciencemag.org/cgi/content/full/328/5980/91 6#otherarticles 


This article has been cited by 1 articles hosted by HighWire Press; see: 
http://www.sciencemag.org/cgi/content/full/828/5980/91 6#otherarticles 


This article appears in the following subject collections: 
Molecular Biology 
http://www.sciencemag.org/cgi/collection/molec_biol 


Downloaded from www.sciencemag.org on May 13, 2010 


Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the 
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright 


2010 by the American Association for the Advancement of Science; all rights reserved. The title Science is a 
registered trademark of AAAS. 


REPORTS 


A B Cc 
0.75 Rice | | 0.9 Rice 0.75) Rice 
repeats 
Ss 5 5 
s = £ 
= > = 
2 | l @ | 3 
E . 
< - | E — 40th (highest) 
Zz | | > | oO — 
7 ] ral 7 | CHH Ss) i 
oe — 3nd 
9 3 2 1017 2 8 3-2-1460 7 2 432. 716 -1 2-3 
kb kb 
a e S. moellendorffii . 
0.2 0.7 ;c2: MOeHeNgOHn 0.25 , 
| §. moellendorffii repeats ! | S. moellendorffii | 
c I I = i i | 
3 2 § | ] 
& & 4 
7 é = 
£ | Ee ro) | | 
<x l | < . | | 
ra 
4 | a rs) | : 
| | 
if 
0 0 
“3 3-2 1 0 i141 2 8 ~3 
kb 


G 
1 Chlorella sp. 
NC64A 


genes 


od taigenes) | 


S | 

oS | I 

£ ] 

@ | 

E 

< 

z 

. | CHG 
CHH 

0 — 

3 2-101 2 3 2 71041 2 3 

kb 


Fig. 1. DNA methylation in gene bodies and repeats of plants: (A to C) rice, 
(D to F) S. moellendorffii, and (G to 1) Chlorella sp. NC64A. Genes or repeats 
were aligned at the 5’ end (left dashed line) or the 3’ end (right dashed line), 


Fig. 2. Puffer fish DNA meth- 
ylation and H2A.Z are anti- 
correlated. (A to E) Genes 
or repeats were aligned as in 
Fig. 1, and average methyla- 
tion levels [(A) to (Q)] or H2A.Z 
enrichment [(©) to (E)] for each 
100-bp interval are plotted. 
In (A), (D), and (E), genes were 
grouped into deciles by tran- 
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interaction between DNA methylation and chro- 
matin are conserved. We recently showed that 
the histone variant H2A.Z exhibits a strong an- 
tagonism with DNA methylation in A. thaliana 
(73). Using chromatin immunoprecipitation coupled 
with deep sequencing, we found that puffer fish 
H2A.Z peaks in the promoter and is depleted in 
gene bodies, with a pattern that is almost precisely 
opposite to that of DNA methylation (Fig. 2C). 
H2A.Z is enriched in unmethylated promoters 
regardless of transcription (Fig. 2, D and E) and 
is quantitatively depleted in methylated gene bodies 
(fig. S11). Within unmethylated promoters, H2A.Z 
exhibits a parabolic distribution relative to tran- 
scription; H2A.Z is most enriched around the 
50th expression percentile (Fig. 2E and fig. S11). 
Within gene bodies, H2A.Z enrichment varies in- 
versely with transcription (fig. S11). These fea- 
tures are essentially the same as in A. thaliana 
(/3), indicating that the interactions among H2A.Z, 
DNA methylation, and transcription are con- 
served between angiosperms and vertebrates. 

We examined six invertebrate species be- 
longing to three major groups that diverged 900 
million to 1 billion years ago (fig. S1) (//). Flour 
beetle (Tribolium castaneum) adults and Dro- 
sophila melanogaster embryos aged 0 to 3 hours 
do not have detectable DNA methylation of the 
nuclear genome (table S1 and fig. S12) (/0). 
The general methylation features of the other 
four species [C. intestinalis, honey bee (Apis 
mellifera), silk moth, and anemone (Nematostel- 
la vectensis)] are quite similar (Fig. 3 and table 
S1). Gene bodies are methylated in roughly the 
same pattern as plant and fish genes, with highest 
methylation of moderately expressed genes 
but no correlation between TSS methylation 
and transcription (Fig. 3 and fig. S8). TEs are 
hypomethylated, with methylation rising linearly 
with distance from the TE (Fig. 3 and fig. S10; 
we did not perform linear correlation analysis in 
honey bees because of low TE content). There 
is thus little evidence that methylation inhibits 
transcription or silences TEs in invertebrates. 
Our data indicate that gene body methylation is 
basal, predating the divergence of plants and 
animals around 1.6 billion years ago (fig. S1), 
whereas the antitransposon function probably 
evolved independently in the vertebrate and plant 
lineages. 

We analyzed five species belonging to the 
three major fungal groups. Phycomyces blakesle- 
eanus diverged from the Dikarya (ascomycetes 
and basidiomycetes) more than 1 billion years 
ago (fig. S1) (//) and has two methyltransfer- 
ases: a Dnmtl-like and a Dim-2-like (figs. S1 to 
S3). The presence of Dim-2, previously de- 
scribed only in ascomycetes (/), demonstrates 
that this is an ancient methyltransferase family. 
We found a substantial amount of CG methyl- 
ation and a small amount of non-CG methylation 
(table S1), both concentrated in transcriptionally 
silent, repetitive loci (Fig. 4, A and B, and fig. S13); 
methylation in this fungus appears to be used 
to silence TEs and other repeats, whereas active 
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Fig. 3. Invertebrate gene bodies, but not TEs, are preferentially methylated: (A and B) C. intestinalis, (C 
and D) honey bee, (E and F) silk moth, (G and H) anemone. Genes or repeats were aligned as in Fig. 1. 
In (A), (©, (E), and (G), genes were grouped into deciles by transcription. Only 5’ alignments are shown 
in (B), (F), and (H). (D) Kernel density plot, which has the effect of tracing the frequency distribution, of 
the average CG methylation within honey bee genes (red trace) and repeats (blue trace). 


genes are unmethylated. The three basidiomy- 
cete species we examined (Coprinopsis cinerea, 
Laccaria bicolor, and Postia placenta) show 
very similar methylation patterns (Fig. 4, C 
and D, table S1, and figs. $13 and S14), indi- 
cating that this is an ancient state that was 
present in the last common ancestor of most, if 
not all, modern fungi. 

Uncinocarpus reesii is an ascomycete that 
is distantly related to Neurospora crassa (fig. S1). 
We found that U. reesii methylation is gen- 
erally similar to that of N. crassa (14): Silent 
repeated loci are heavily methylated in all 
sequence contexts, with little methylation else- 


where (Fig. 4, E to G). There is no preference 
for CG sites, consistent with lack of Dnmtl 
(Fig. 4, E to G, and table S1). In fact, U. reesii 
repeats have very little CG methylation (Fig. 4, 
E to G), because the repeats contain only 2% 
of the expected frequency of CG sites, with a 
corresponding increase of CA and TG dinu- 
cleotides (fig. S15), the expected products of C/G 
to T/A deamination. Our observations are con- 
sistent with repeat-induced point mutation (RIP), 
a DNA methylation—linked process that causes 
mutation of repeated fungal sequences (/5). 
N. crassa RIP was suggested to be an evolution- 
ary hindrance because the process limits evolution 
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Fig. 4. DNA methylation patterns in fungi: (A and B) P. blakesleeanus, (C and D) C. cinerea, (E and F) 
U. reesii. Genes or repeats were aligned as in Fig. 1. Only 5’ alignments are shown in (B), (D), and (F). 
(G) A representative snapshot of U. reesii chromosome 1 (positions 3,931,000 to 4,424,000). Arrows 
highlight CG methylation peaks corresponding to highly transcribed genes. (H) Scatterplot of U. reesii 
DNA methylation in exons (red trace) and introns (blue trace) versus genic RNA levels. 


by gene duplication (/5), but the presence of a 
severe version of RIP in an organism separated 
from N. crassa by more than 600 million years 
would indicate that RIP is a stable evolutionary 
strategy. 

Unlike all other examined fungi, U. reesii ex- 
hibits methylation of active genes, which is 
not accompanied by RIP, so CG methylation is 
abundant (Fig. 4, E, G, and H). There is a direct 
linear relationship between RNA levels and meth- 
ylation of exons, whereas introns tend to be un- 
methylated (Fig. 4H and fig. S16). These features 
strongly argue that genic DNA methylation is 
directed by spliced mRNA. It is remarkable that 
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U. reesii, which possesses none of the methyl- 
transferases of plants, evolved to methylate both 
TEs and active genes, and, like plants, can dis- 
tinguish between them. 

Our data allow us to undertake a reconstruc- 
tion of the DNA methylation machinery and 
functionality of the last common ancestor of 
plants, animals, and fungi. This organism pos- 
sessed Dnmtl, Dnmt3, and probably a CMT/ 
Dim-2 enzyme; structural, functional, and phy- 
logenetic data strongly argue that CMT and 
Dim-2 are monophyletic (figs. S2, $3, and S17) 
(0). The methylation landscape—transcription- 
influenced CG methylation of gene bodies and 


REPORTS 


extensive CG and non-CG methylation of TEs— 
resembled that of extant angiosperms. H2A.Z 
was excluded from methylated DNA. The an- 
cestral system then underwent varying degrees of 
change. A clue to this plasticity is suggested 
by the observation that all examined land plants 
and vertebrates retain extensive DNA methylation 
(/). These groups share two characteristics: They 
use methylation to repress TEs, and they repro- 
duce primarily by sexual outcrossing. The degree 
of sexual outcrossing correlates with TE aggres- 
siveness, because outcrossing partially breaks the 
link between host and TE fitness (/6), so land 
plants and vertebrates are under strong selection 
to maintain effective TE suppression. Early uni- 
cellular animals and fungi that primarily repro- 
duced asexually were more at liberty to lose TE 
methylation. In contrast, gene body methylation 
is likely a double-edged sword: It is mutagenic (/), 
so whatever benefits are derived by methylating 
exons come at a price (/0). Loss of this pathway 
would thus be more common, and in fact did 
occur early in fungal evolution and later in several 
plant and animal lineages. 

Note added in proof: Similar conclusions re- 
garding the conservation of gene body methyl- 
ation have been reached by Feng et al. (17). 
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PROTEIN SOLUTION CONCENTRATION 


PROTEOMICS: MASS enpo ean 


The miVac sample concentrator provides an efficient and cost-effective alternative to 
traditional membrane centrifugation techniques for the concentration of protein solutions 
prior to separation through size-exclusion chromatography or electrophoresis or to analysis 
with X-ray crystallography. The membrane centrifugation process often results in loss 
of valuable sample because of protein binding to the membrane. The miVac sample 
concentrator ensures complete sample recovery even when taking proteins to very high 
concentrations. The miVac also offers the benefit of reduced spending on consumables. 


The instrument provides high performance, precise temperature control, and ease of use 
within a small benchtop footprint. 


Genevac 


For info +44-1473-240000 | www.genevac.co.uk 


SINGLE QUADRUPOLE GC/MS 

The Thermo Scientific ISO single quadrupole gas chromatography/ 
mass spectrometry (GC/MS) system features a unique, nonventing, 
full-source removal capability. Featuring the new ExtractaBrite 
ion source, the ISQ system offers simplified operation and 
maximum uptime for uninterrupted productivity across routine 
GC/MS applications, including forensics, toxicology, food safety, 
and environmental. This robust and rugged system provides high 
throughput sample analyses and 24/7 operation. The ExtractaBrite 
removable ion source is designed to provide maximum uptime 
and productivity by extending the length of time between required 
source maintenance. For today’s fast-paced gas chromatography 
methods, advanced electronics allow the ISQ to acquire and write 
data to disc at accelerated rates for high-speed data acquisition in 
real-world applications. 

Thermo Fisher Scientific 

For info: 800-532-4752 | www.thermo.com/getready 


PEPTIDE SYNTHESIZER 

The Syro Wave is a microwave and parallel peptide synthesizer that 
combines the proven performance of the established MultiSynTech 
robotic synthesizer with Biotage microwave technology. It is the only 
system on the market to offer both microwave and parallel peptide 
synthesis capabilities. Prior to this combination, peptide synthesis 
labs have had to invest in both standalone parallel systems for pro- 
ductivity and cost efficiency, and standalone microwave systems for 
difficult or longer peptides. The new system increases productivity, 
yield, and purity while cutting costs and saving time. 

Biotage 

For info: +46-18-56-59-00 | www.biotage.com 


TIME-OF-FLIGHT SPECTROMETER 

The BenchTOF-dx mass spectrometer is a compact reflectron time- 
of-flight (TOF) instrument designed to generate classical electron 
impact ionization spectra for gas chromatography (GC) and compre- 
hensive GC applications. The BenchTOFdx enhances the benefits 
of standard TOF spectrometers for better handling of challenging 
compounds. The instrument's capability to generate classical spec- 
tra enables laboratories with proprietary spectral libraries to harness 
the performance of TOF mass spectrometry while maintaining the 
use of their current library system. The instrument incorporates 
groundbreaking new ion optics and electronics to deliver full spectral 
information with sensitivity normally associated only with the best 
quadrupoles running in selected ion monitoring mode. 

ALMSCO 

For info: +44-(0)-1443-233920 | www.almsco.com 


HUMAN CYTOKINE ARRAY 

The Quantibody Human Cytokine Array 4000 can detect quantita- 
tively the expression of 200 different proteins in a single experiment. 
The kit consists of five quantitative, multiplex enzyme-linked immu- 
nosorbent assay-based slides: The Quantibody Human Inflammation 
Array 3 detects 40 inflammation markers. The Quantibody Human 
Chemokine Array 1 detects 40 chemokines. The Quantibody Human 
Growth Factor Array 1 detects 40 growth factors. The Quantibody 
Human Receptor Array 1 detects 40 soluble cytokine receptors. 
The Quantibody Human Cytokine Array 4 detects 40 cytokines and 
related proteins. These glass-slide antibody arrays feature standard 
concentration curves run alongside unknown samples to give quan- 
titative results with picogram-permilliliter sensitivity. 

RayBiotech 

For info: 888-494-8555 | www.raybiotech.com 
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